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I. REAL PARTY IN INTEREST 

The real party in interest is the assignee, National University of Singapore. The subject 
matter of the application is currently licensed to Yorktown Technologies, Inc. 

II. RELATED APPEALS AND INTERFERENCES 

There are no interferences or appeals for related cases. 

III. STATUS OF THE CLAIMS 

Claims 1-3, 9-28 and 30-42 are pending, of which claims 17-19, 22-23, 25-28, 33 and 34 
are withdrawn. Claims 1-3, 9-16, 20-21, 24, 30-32 and 35-42 are subject to the current appeal. 

IV. STATUS OF AMENDMENTS 

An amendment dated February 5, 2007, was filed in order the place the claims in better 
form and reduce the issues for appeal in order to remove the prior art rejections from 
consideration. Applicants reserve the right to proceed with the cancelled subject matter in future 
continuing applications. The Examiner was contacted on May 3, 2007, and he indicated that he 
had not yet received the amendment and, thus, the amendment has not yet been considered as of 
May 3, 2007. 

V. SUMMARY OF THE CLAIMED SUBJECT MATTER 

Please note that since the present application was filed electronically using the earlier 
electronic submissions software, the application as filed has no "page numbers" and "line 
numbers" per se, hence, Appellants will refer below to the paragraph numbers where the relevant 
supporting information can be found in the specification. 
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Independent claim 1 is directed to a method of providing transgenic fish to the ornamental 
fish market, comprising the steps of obtaining a transgenic fish comprising one or more 
fluorescence genes positioned under the control of a promoter, wherein the transgenic fish 
expresses one or more fluorescent proteins selected from the group of fluorescent proteins 
consisting of a blue fluorescent protein, a yellow fluorescent protein and a cyan fluorescent 
protein, encoded by the one or more fluorescence genes; and distributing said fish to the 
ornamental fish market. Support can be found, e.g., in paragraphs [0009], [0010], [0040], 
[0091], [0092]. 

Separately argued dependent claims 20 and 21 are directed to the zebrafish muscle 
creatine kinase gene promoter and zebrafish myosin light chain 2 gene promoter. Support can be 
found in paragraphs [0012], [0033], [0060], [0070] and [0078] (each of the foregoing for creatine 
kinase promoter), and [0012], [0034], [0060], [0061], [0072] and [0078] (each for the myosin 
light chain promoter). 

Separately argued dependent claims 39 and 40 concern the method of claim 1 or 15, 
wherein the transgenic fish is a transgenic zebrafish, medaka, goldfish or carp (claim 39) or the 
method of claim 36, wherein the second fish is a zebrafish, medaka, goldfish or carp (claim 40). 
Support can be found in paragraph [0096]. 

Separately argued dependent claim 41 concerns the method of claim 1 or 36,wherein the 
transgenic fish is a transgenic koi, loach, tilapia, glassfish, catfish, angel fish, discus, eel, tetra, 
goby, gourami, guppy, Xiphophorus, hatchet fish, Molly fish, or pangasius. Support can be 
found in paragraph [0096]. 
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VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

There are four rejections that are the subject of the present appeal: 

1) A rejection of claims 1-16, 20-21, 29-32 and 35-42 as lacking written description 
under 35 U.S.C. §112, first paragraph; and 

2) A rejection of claims 1-16, 20-21, 29-32 and 35-42 as lacking enablement under 
35 U.S.C. §1 12, first paragraph. 

VII. ARGUMENT 

A. Section 112, First Paragraph, Rejection (Written Description) 

The Action first enters a written description rejection of all of the claims on the basis that 
the specification is said to fail to describe "a transgenic fish comprising one or more fluorescence 
genes positioned under the control of any promoter" taking the position that the specification 
only describes a transgenic fish comprising one or more fluorescent proteins encoded by one or 
more fluorescence genes at a level sufficient such that said fish fluoresces upon exposure to one 
or more of a blue light, ultraviolet light or sunlight. Appellants disagree. 

First, the Applicants note an error in the Examiner's reasoning. The Examiner states at 
the bottom of page 4 that the claims "do not require that the transgenic fish show any 
fluorescence." While not considered to be relevant to written description, this is incorrect. The 
claims states that the fish must express the fluorescent protein(s) so, by definition, the fish will 
fluoresce. 

With respect to the Examiner's contention that the specification is limited to the use of a 
promoter that expresses the genes "at a level sufficient such that said fish fluoresces upon 
exposure to one or more of a blue light, ultraviolet light or sunlight," there is simply no basis set 
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forth for the rejection. The Action fails to identify the language from the specification that 

purportedly limits the written description. On the contrary, while the specification does indicate 

that the most preferred transgenic zebrafish are those whose fluorescent color is observed when 

the fish are exposed to sunlight (see, e.g., [0085]), there is no such boundary placed on the 

invention by the subject specification. Exemplary excerpts in this regard include: 

[0010] It is another objective of the invention to develop fluorescent transgenic 
ornamental fish using these gene constructs. By applying different gene 
promoters, tissue-specific, inducible under different environmental conditions, or 
ubiquitous, to drive the GFP gene, GFP could be expressed in different tissues or 
ubiquitously. Thus, these transgenic fish may be skin fluorescent, muscle 
fluorescent, ubiquitously fluorescent, or inducibly fluorescent. These transgenic 
fish may be used for ornamental purposes, for monitoring environmental 
pollution, and for basic studies such as recapitulation of gene expression programs 
or monitoring cell lineage and cell migration. These transgenic fish may be used 
for cell transplantation and nuclear transplantation or fish cloning. 



[0040] Specifically Exemplified Polypeptides/DNA. The present invention 
contemplates use of DNA that codes for various polypeptides and other types of 
DNA to prepare the gene constructs of the present invention. DNA that codes for 
structural proteins, such as fluorescent peptides including GFP, EGFP, BFP, 
EBFP, YFP, EYFP, CFP, ECFP and enzymes (such as luciferase, .beta.- 
galactosidase, chloramphenicol acetyltransferase, etc.), and hormones (such as 
growth hormone etc.), are useful in the present invention. More particularly, the 
DNA may code for polypeptides comprising the sequences exemplified in SEQ 
ID NOS:2, 4, 6 and 21. The present invention also contemplates use of particular 
DNA sequences, including regulatory sequences, such as promoter sequences 
shown in SEQ ID NOS: 7, 8, 9 and 22 or portions thereof effective as promoters. 
Finally, the present invention also contemplates the use of additional DNA 
sequences, described generally herein or described in the references cited herein, 
for various purposes. 

Accordingly, there is no basis on this record for maintaining the rejection. 

B. Section 112, First Paragraph, Rejection (Enablement) 

The Action next maintains an enablement rejection against all of the claims, taking the 
position that the specification fails to enable the use of any promoter in the preparation of any 
fish. 
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"Preparation of any fish" 

With respect to the "preparation of any fish" issue, Appellants first note that many, many 

different species of fish have now been genetically engineered such that now the genetic 

engineering of fish is generally routine. This is noted in the present specification at paragraph 5: 

[0005] Fish are also an intensive research subject of transgenic studies. There are 
many ways of introducing a foreign gene into fish, including: microinjection (e.g. 
Zhu et al., 1985; Du et al, 1992), electroporation (Powers et al., 1992), sperm- 
mediated gene transfer (Khoo et al., 1992; Sin et al., 1993), gene bombardment or 
gene gun (Zelemin et al., 1991), liposome-mediated gene transfer (Szelei et al., 
1994), and the direct injection of DNA into muscle tissue (Xu et al., 1999). The 
first transgenic fish report was published by Zhu et al. (1985) using a chimeric 
gene construct consisting of a mouse metallothionein gene promoter and a human 
growth hormone gene. Most of the early transgenic fish studies have concentrated 
on growth hormone gene transfer with an aim of generating fast growing 
"superfish". A majority of early attempts used heterologous growth hormone 
genes and promoters and failed to produce gigantic superfish (e.g. Chourrout et 
al., 1986; Penman et al., 1990; Brem et al., 1988; Gross et al., 1992). But 
enhanced growth of transgenic fish has been demonstrated in several fish species 
including Atlantic salmon, several species of Pacific salmons, and loach (e.g. Du 
et al., 1992; Delvin et al., 1994, 1995; Tsai et al., 1995). 

Furthermore, this fact has been recognized by the US PTO in several issued US patents 
that are presumptively fully enabling. For example, Applicants make reference to Cooper et al. , 
US 5,998,698 [Exhibit 1]. This patent is directed to transgenic fish that are capable of 
expressing heterologous lytic peptides. This patent provides a detailed disclosure of the 
preparation of numerous species of transgenic fish, including any bony fish, exemplified by 
catfish and koi. Note that the claims of this patent cover any transgenic bony fish. Similarly, 
Winn et ah, US 6,307,121 [Exhibit 2], discloses and claims the preparation of any transgenic fish 
species, including cartilagenous fish, for mutation detection. Please see the first several 
paragraphs of the Detailed Description section, as well as the claims. Furthermore, we would 
direct the Board's attention to Winn, US 6,472,583 [Exhibit 3], which similarly discloses and 
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claims the preparation of any species of transgenic fish, again for mutation detection. These 
patents are presumptively enabling for the preparation of any transgenic fish. 

The evidence put forward by the Examiner does not support the position of non- 
enablement. The relevance of the Betancourt et al. reference [Exhibit 4] is not at all understood, 
as this reference, which is of limited relevance anyway due to the fact it is very old, actually 
supports enablement. Betancourt et al. merely stands for the proposition that non-fish regulatory 
elements such as promoters do not work as well in fish cells as fish regulatory elements. It does 
not state that such regulatory elements lack utility in fish, they simply do not work as well. 
Indeed, the abstract states that the CMV promoters and RSV promoters, which are both viral, 
non-fish, promoters, "were the most potent in all cell types." Note that the excerpt relied upon 
by the Examiner merely states that transgenic fish cells "should preferably contain" DNA 
sequences from fish genes - not that only fish elements will work. This reference actually 
demonstrates the level of skill in the art only as of 1993, and shows that even then those of skill 
were well aware that fish promoters and elements were preferred but not the only elements that 
would function. 

The Bearzotti et al. reference [Exhibit 5] is similarly very old and outdated (1992), but 
again actually supports enablement. It is noted that this reference shows that the CMV, RSV 
and even the heat-inducible human HSP-70 promoters functioned well in fish cells. Again, the 
excerpt relied on by the Examiner merely indicates that certain elements may not function as 
efficiently as others. Moreover, the fact that something "does not work as well", does not lead to 
the conclusion that the present invention is not enabled for the preparation of any transgenic fish 
using any promoter. Here Appellants make reference to the "Training Materials for Examining 
Patent Applications with Respect to 35 U.S.C. Section 112, First Paragraph-Enablement of 
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Chemical/Biotechnical Applications," found on the PTO website at 
http://www.uspto.gov/web/offices/pac/dapp/lpecba.htm wherein examiner's are reminded that 
"it is not necessary for an invention to work well to be enabled." 

The same can be said for Higashijima et al. [Exhibit 6], which again merely stands for the 
proposition that those of skill in the art were aware that certain design choices may need to be 
made in order to achieve an optimally performing transgenic fish. This is not a proper basis for 
raising an enablement concern. Indeed, this reference, which has been relied on by the Examiner 
in prior art rejections, fully evidences the broad knowledge in the art for making fluorescent 
transgenic fish have a variety of elements and promoters. 

We would also refer the Board to various articles of record. For example, the Examiner 
is referred to Kuo et al, reference C45 [Exhibit 7], which demonstrates that cis-acting elements 
from mouse carcinoma nectin neurofilament gene were effective in directing either neuron- 
specific or skin-specific expression (depending on the particular construct) in zebrafish. See 
also, Kim et al, reference C44 [Exhibit 8]. 

The Board is further referred to Moss et al, reference C54 [Exhibit 9], which 
demonstrates the ability of a rat myosin promoter to direct muscle specific expression in 
zebrafish. 

Lastly, the Board is referred to the review article of Hackett et al, "The Molecular 
Genetics of Transgenic Fish," [Exhibit 10] which was published in 2000 at about the same time 
as the filing of the present application. This review article sets forth an abundance of non-fish 
tissue specific and other promoters that were all routinely found to be operable in fish. See, for 
example, Tables 1 through 3. 



25773109.1 



Accordingly, it is submitted that the Examiner has failed to make a prima facie case of 
non-enablement. Further, Applicants have presented substantial evidence in support of broad 
enablement. Accordingly, the Examiner is requested to withdraw the rejection. 

Claims 39-42 (fish species claims) 

Claims 39 to 42 should be considered separately as it is even more evident that the fish 
species set forth in these claims are fully enabled. Claims 39-40 are directed to zebrafish, 
medaka, goldfish or carp, whereas claim 41 is directed specifically to transgenic koi, loach, 
tilapia, glassfish, catfish, angel fish, discus, eel, tetra, goby, gourami, guppy, Xiphophorus, 
hatchet fish, Molly fish, or pangasius. All of the foregoing are fish that are well studied and, as 
evidenced by the patents and articles cited above, can be routinely prepared without undue 
experimentation. 

Lastly, claim 42 is directed specifically to transgenic zebrafish. This claim should be 
acceptable to the Examiner, at least with respect to the "fish species" aspect of the enablement 
rejection. 

"Any promoter" 

With respect to the "any promoter" aspect of the rejection, Appellants first note that the 
Examiner has withdrawn the written description rejection, agreeing that the claims fully satisfy 
the written description requirement with respect to any promoter, agreeing that the specification 
adequately describes any promoter generally known in the art. Action at 16. While admittedly 
a "different" rejection, we believe that this recognition on the written description side of section 
1 12 has relevance to the enablement consideration discussed below. 

The Examiner's basis for maintaining the enablement rejection as to the "any promoter" 
issue is not entirely understood. The Examiner frames the issue at the top of page 15 by stating 
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that the "issue is whether applicants are enabled for a method of providing a transgenic 
ornamental fish by obtaining a fish that expresses fluorescent gene at a level sufficient such that 
said fish fluoresces upon exposure to the light." (emphasis in original). In framing the argument, 
though, the Examiner misstates the claim wording - the claims merely state that "the transgenic 
fish expresses one or more fluorescent proteins ... encoded by the one or more fluorescence 
genes." There is no requirement here that the fish express at any particular level. The Examiner 
thus reads in a requirement that is not there! We would note that if the transgenic fish do not 
express the fluorescence at a high level they may well not be very desirable to the ornamental 
fish market, and may not be well received commercially, but this is not an enablement issue, it is 
a marketing issue. Again, it is not necessary that an invention work well to be enabled. 

The Examiner also places some weight on the fact that Applicant's specification states 
that with that some heterologous promoters from SV40 and RSV that are used to study zebrafish 
expression in many cases show variable and unpredictable expression. Again, we fail to see how 
this observation leads to a conclusion of non-enablement - the fact that the "pattern" (i.e., tissue 
pattern) of expression using viral promoters is in some cases unpredictable is not of particular 
relevance. If a particular promoter does not work well for a particular desired application, one of 
skill in the art - who is obviously very highly skilled as evidenced by the above documents - 
would simply choose to use a different promoter! The law does not require, as the Examiner 
appears to argue, that every promoter work well for every desired application. The law simply 
requires that one of skill be enabled to carry out the invention to determine those embodiments 
that worked for the desired purpose without undue experimentation. See In re Angstadt, 537 
F.2d 498, 502-03, 190 USPQ 214, 218 (CCPA 1976); and MPEP Section 2164.08(b). We would 
also refer to a discussion of the law found in the above-referenced examiner's guidelines: 
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2. Inoperability/Inoperative Species within the Scope of the Claim 



The presence of inoperative embodiments within the scope of a claim does 
not necessarily render a claim nonenabled. The standard is whether a skilled 
person could determine which embodiments that were conceived, but not yet 
made, would be inoperative or operative with expenditure of no more effort than 
is normally required in the art. Atlas Powder Co. v. E.I. duPont de Nemous & Co., 
750 F.2d 1569, 1577, 224 USPQ 409, 414 (Fed. Cir. 1984)(prophetic examples do 
not make the disclosure non-enabling). Although, typically, inoperative 
embodiments are excluded by language in a claim the scope of the claim may still 
not be enabled where undue experimentation is involved in determining those 
embodiments that are operable. A disclosure of a large number of operable 
embodiments and the identification of a single inoperative embodiment did not 
render a claim broader than the enabled scope because undue experimentation 
was not involved in determining those embodiments that were operable. In re 
Angstadt, 537 F.2d 498, 502-03, 190 USPQ 214, 218 (CCPA 1976); and MPEP 
Section 2164.08(b). However, claims reading on significant numbers of 
inoperative embodiments would render claims nonenabled when the specification 
does not clearly identify the operative embodiments and undue experimentation is 
involved in determining those that are operative. Atlas Powder Co. v. E.I. duPont 
de Nemous & Co., 750 F.2d 1569, 1577, 224 USPQ 409, 414 (Fed. Cir. 1984); In 
re Cook, 439 F.2d 730, 735, 169 USPQ 298, 302 (CCPA 1971); see also MPEP 
Section 2164.08(b). 

Section III.B.2., Training Materials for Examining Patent Applications with Respect to 
35 U.S.C. Section 112, First Paragraph-Enablement of Chemical/Biotechnical 
Applications. 

There has been no showing on this record that one of skill would not be able to 
readily overcome problems of variable and unpredictable patterns of expression where 
such was desired. On the contrary, the evidence adduced clearly demonstrates that 
overcoming such problems were routine in the art as of the filing date. 

For the foregoing reasons, the Examiner's enablement rejection should be 
overturned. 
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Claims 20 and 21 

Claims 20 and 21 specify particular zebrafish promoters described and enabled in the 
specification and thus should certainly be removed form any concern regarding promoter 
enablement. 

VIII. CONCLUSION 

Appellants believe that the foregoing remarks fully respond to all outstanding matters for 
this application. Appellants respectfully request that the Board reverse the rejections of all 
claims. ^ 
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I. CLAIMS APPENDIX 



1. A method of providing transgenic fish to the ornamental fish market, comprising the 
steps of: 

(a) obtaining a transgenic fish comprising one or more fluorescence genes positioned 
under the control of a promoter, wherein the transgenic fish expresses one or more 
fluorescent proteins selected from the group of fluorescent proteins consisting of a blue 
fluorescent protein, a yellow fluorescent protein and a cyan fluorescent protein, encoded 
by the one or more fluorescence genes; and 

(b) distributing said fish to the ornamental fish market. 

2. The method of claim 1, further comprising displaying said transgenic fish under a blue or 
ultraviolet light. 

3. The method of claim 2, wherein the transgenic fish are displayed under an ultraviolet 
light that emits light at a wavelength selected to be optimal for the fluorescent protein or 
proteins. 

9. The method of claim 1 , wherein the transgenic fish express a BFP. 

10. The method of claim 9, wherein the transgenic fish express an EBFP. 

1 1 . The method of claim 1 , wherein the transgenic fish express a YFP. 

12. The method of claim 1 1 , wherein the transgenic fish express an EYFP. 

1 3 . The method of claim 1 , wherein the transgenic fish express a CFP 

14. The method of claim 13, wherein the transgenic fish express an ECFP. 
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15. A method of providing transgenic fish to the ornamental fish market, comprising the 
steps of: 

(a) obtaining a transgenic fish comprising fluorescence genes positioned under the 
control of a promoter, wherein the transgenic fish expresses more than one color of 
fluorescent protein encoded by the fluorescence genes; and 

(b) distributing said fish to the ornamental fish market. 

16. The method of claim 1 or 15, wherein the promoter is a tissue specific promoter. 

20. The method of claim 19, wherein the promoter is a zebrafish muscle creatine kinase gene 
promoter. 

21. The method of claim 19, wherein the promoter is a zebrafish myosin light chain 2 gene 
promoter. 

24. The method of claim 1 or 15, wherein the promoter is a ubiquitously expressing 
promoter. 

25. The method of claim 24, wherein the promoter is a zebrafish acidic ribosomal protein 
gene promoter. 

30. The method of claim 15, wherein the more than one fluorescent protein is expressed in 
the same tissue, to effect a new fluorescent color. 

3 1 . The method of claim 30, where the transgenic fish expresses a GFP and a BFP. 



32. The method of claim 15, wherein the more than one fluorescent proteins are separately 
expressed in different tissues. 
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35. The method of claim 32, wherein the transgenic fish expresses a YFP under the control of 
a muscle specific promoter. 

36. The method of claim 1 or 15, wherein the transgenic fish is a stable transgenic fish line 
obtained by a method comprising the steps of: 

(a) obtaining a transgenic fish comprising one or more fluorescence genes positioned 
under the control of a promoter, wherein the transgenic fish expresses one or more 
fluorescent proteins encoded by the one or more fluorescence genes; and 

(b) breeding the transgenic fish with a second fish to obtain offspring; and 

(c) selecting from said offspring a stable transgenic line that expresses one or more 
fluorescent proteins. 

37. The method of claim 36, wherein the second fish is a wild type fish. 

38. The method of claim 36, wherein the second fish is a second transgenic fish. 

39. The method of claim 1 or 15, wherein the transgenic fish is a transgenic zebrafish, 
medaka, goldfish or carp. 

40. The method of claim 36, wherein the second fish is a zebrafish, medaka, goldfish or carp. 

41. The method of claim 1 or 36, wherein the transgenic fish is a transgenic koi, loach, 
tilapia, glassfish, catfish, angel fish, discus, eel, tetra, goby, gourami, guppy, Xiphophorus, 
hatchet fish, Molly fish, or pangasius. 

42. The method of claim 39, wherein the transgenic fish is a transgenic zebrafish. 
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EVIDENCE APPENDIX 

Exhibit 1 -Cooper et al, U.S. 5,998,698, made of record in the Amendment and 

Response to Office Action dated 08/08/06 

Exhibit 2 -Winn et al, U.S. 6,307,121, made of record in the Amendment and Response 

to Office Action dated 08/08/06 

Exhibit 3 -Winn et al, U.S. 6,472,583, made of record in the Amendment and Response 

to Office Action dated 08/08/06 

Exhibit 4 -Betancourt et al, made of record in the Office Action dated 03/08/06 
Exhibit 5 -Bearzotti et al, made of record in the Office Action dated 03/08/06 
Exhibit 6 - Higashijima et al, made of record in the Office Action dated 03/08/06 
Exhibit 7 -Kuo et al, made of record in the Amendment and Response to Office Action 

dated 08/08/06 

Exhibit 8 -Kim et al, made of record in the Amendment and Response to Office Action 
dated 08/08/06 

Exhibit 9 -Moss et al, made of record in the Amendment and Response to Office Action 
dated 08/08/06 

Exhibit 10 -Hackett et al, made of record in the Amendment and Response to Office 
Action dated 08/08/06 
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[57] ABSTRACT 

Novel means have been discovered for increasing the resis- 
tance of an animal host (including humans) to diseases 
caused by intracellular bacteria, protozoa, and viruses. The 
infection treated may, for example, be equine infectious 
anemia, or infection by the human immunodeficiency virus. 
Novel means have also been found for treating tumors 
Augmentation of the host's defenses against infectious dis- 
eases or tumors is achieved by "arming" the host's cells with 
an exogenous gene encoding a natural or synthetic lytic 
peptide. For example, the transfection of hematopoietic stem 
cells and embryonic cells will produce animals with 
enhanced disease resistance; and transfection of TIL (tumor 
infiltrating lymphocytes) cells or other cells can be used in 
the treatment of tumors. Genes coding for a cecropin or 
other native or synthetic lytic peptide can be transferred and 
stably expressed in mammalian, bony fish, other vertebrate, 
and other animal cells. The transformed cells have the ability 
to produce and secrete a broad spectrum chemotherapeutic 
agent that has a systemic effect on certain pathogens, par- 
ticularly pathogens that might otherwise evade or overcome 
host defenses. 

3 Claims, No Drawings 
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TRANSGENIC FISH CAPABLE OF 
EXPRESSING EXOGENOUS LYTIC 
PEPTIDES 

This is a continuation-in-part of International Applica- 
tion No. PCT/US94/07456, international filing date Jun. 30, 
1994; which in turn is a continuation-in-part of two prior 
United States patent applications. (1) U.S. patent application 
Ser. No. 08/085,746, filed Jun. 30, 1993, now abandoned; 
and (2) U.S. patent application Ser. No. 08/084,879, filed 
Jun. 30, 1993, now abandoned. 

The development of this invention was partially funded 
by the Government under grants 90364-5137 and 903-64- 
3105 awarded by the Department of Agriculture. The Gov- 
ernment may have certain rights in this invention. 

This invention pertains to transgenic fish and transgenic 
fish cells capable of expressing exogenous lytic peptides. 

Lytic Peptides 

Few effective treatments exist for either acute or chronic 
intracellular bacterial, protozoal, or viral diseases of 
animals, including humans. In many such infections, the 
infectious agent is localized within host cells. Due to the 
intracellular location of the infectious agents, the host 
immune system is often ineffective. Likewise, anti- 
pathogenic compounds are often ineffective, due to their 
difficulty in crossing host cell membranes. 

Beck et al., "Invertebrate Cytokines III: Invertebrate 
Interleukin-l-like Molecules Stimulate Phagocytosis by 
Tunicate and Echinoderm Cells," Cellular Immunology, vol. 
146, pp. 284-299 (1993) discusses relationships among 
phagocytotic mechanisms of different phyla. 

Lytic peptides are small, basic proteins. Native lytic 
peptides appear to be major components of the antimicrobial 
defense systems of a number of animal species, including 
those of insects, amphibians, and mammals. They typically 
comprise 23-39 amino acids, and have the potential for 
forming amphipathic alpha-helices. See Boman et al., 
"Humoral immunity in Cecropia pupae," Curr. Top. Micro- 
biol. Immunol, vol. 94/95, pp. 75-91 (1981); Boman et al., 
"Cell-free immunity in insects," Annu. Rev. Microbiol., vol. 
41, pp. 103-126 (1987); Zasloff, "Magainins, a class of 
antimicrobial peptides from Xenopus skin: isolation, char- 
acterization of two active forms, and partial DNA sequence 
of a precursor," Proc. Natl. Acad. Sci. USA, vol. 84, pp. 
3628-3632 (1987); Ganz et al., "Defensins natural peptide 
antibiotics of human neutrophils," J. Clin. Invest., vol. 76, 
pp. 1427-1435 (1985); and Lee et al., "Antibacterial pep- 
tides from pig intestine: isolation of a mammalian cecropin," 
Proc. Natl. Acad. Sci. USA, vol. 86, pp. 9159-9162 (1989). 

Known amino acid sequences for lytic peptides may be 
modified to create new peptides that would also be expected 
to have lytic activity by substitutions of amino acid residues 
that preserve the amphipathic nature of the peptides (e.g., 
replacing a polar residue with another polar residue, or a 
non-polar residue with another non-polar residue, etc.); by 
substitutions that preserve the charge distribution (e.g., 
replacing an acidic residue with another acidic residue, or a 
basic residue with another basic residue, etc.); or by length- 
ening or shortening the amino acid sequence while preserv- 
ing its amphipathic character or its charge distribution. Lytic 
peptides and their sequences are disclosed in Yamada et al., 
"Production of recombinant sarcotoxin IA in Bombyx mori 
cells," Biochem. J., Vol. 272, pp. 633-666 (1990); Taniai et 
al., "Isolation and nucleotide sequence of cecropin B cDNA 
clones from the silkworm, Bombyx mori." Biochimica Et 
Biophysica Acta, Vol. 1132, pp. 203-206 (1992); Boman et 
al., "Antibacterial and antimalarial properties of peptides 
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that are cecropin-melittin hybrids," Febs Letters, Vol. 259, 
pp. 103-106 (1989); Tessieret al., "Enhanced secretion from 
insect cells of a foreign protein fused to the honeybee 
melittin signal peptide," Gene, Vol. 98, pp. 177-183 (1991); 

5 Blondelle et al., "Hemolytic and antimicrobial activities of 
the twenty-four individual omission analogs of melittin," 
Biochemistry, Vol. 30, pp. 4671-4678 (1991); Andreu et al., 
"Shortened cecropin A-melittin hybrids. Significant size 
reduction retains potent antibiotic activity," Febs Letters, 

o Vol. 296, pp. 190-194 (1992); Macias et al., "Bactericidal 
activity of magainin 2: use of lipopolysaccharide mutants," 
Can. J. Microbiol., Vol. 36, pp. 582-584 (1990); Rana et al., 
"Interactions between magainin-2 and Salmonella typhimu- 
rium outer membranes: effect of Lipopolysaccharide 

5 structure," Biochemistry, Vol. 30, pp. 5858-5866 (1991); 
Diamond et al., "Airway epithelial cells are the site of 
expression of a mammalian antimicrobial peptide gene," 
Proc. Natl. Acad. Sci. USA, Vol. 90, pp. 4596ff(1993); 
Selsted et al., "Purification, primary structures and antibac- 

o terial activities of P-defensins, a new family of antimicrobial 
peptides from bovine neutrophils," J. Biol. Chem., Vol. 268, 
pp. 6641 ff(1993); Tang et al., "Characterization of the 
disulfide motif in BNBD-12, an antimicrobial 6-defensin 
peptide from bovine neutrophils," J. Biol. Chem., Vol. 268, 

5 pp. 6649 ff (1993); Lehrer et al., Blood, Vol. 76, pp. 
2169-2181 (1990); Ganz et al., Sem. Resp. Infect. I., pp. 
107-117 (1986); Kagan et al., Proc. Natl. Acad. Sci. USA, 
Vol. 87, pp. 210-214 (1990); Wade et al., Proc. Natl. Acad. 
Sci. USA, Vol. 87, pp. 4761-4765 (1990); and Romeo et al., 

o J. Biol. Chem., Vol. 263, pp. 9573-9575 (1988). 

Lytic peptides typically have a broad spectrum of activity 
(e.g., against gram negative bacteria, fungi, protozoa, and 
viruses). Their activity is both direct and indirect (e.g., 
virus-infected cells are destroyed, disrupting virus 

5 production) Thus some pathogens that have developed the 
ability to avoid host defenses are nevertheless susceptible to 
destruction by lytic peptides. 

At least four families of naturally-occurring lytic pep- 
tides have been discovered in the last decade: cecropins, 

0 defensins, sarcotoxins, and magainins. Boman and cowork- 
ers in Sweden performed the original work on the humoral 
defense system of Hyalophora cecropia, the giant silk moth, 
to protect itself from bacterial infection. See Hultmark et al., 
"Insect immunity. Purification of three inducible bactericidal 

5 proteins from hemolymph of immunized pupae of Hyalo- 
phora cecropia," Eur. J. Biochem., vol. 106, pp. 7-16 
(1980); and Hultmark et al., "Insect immunity. Isolation and 
structure of cecropin D. and four minor antibacterial com- 
ponents from cecropia pupae," Eur. J. Biochem., vol. 127, 
pp. 207-217 (1982). 

Infection in H. cecropia induces the synthesis of special- 
ized proteins capable of disrupting bacterial cell membranes, 
resulting in lysis and cell death. Among these specialized 
proteins are those known collectively as cecropins. The 
principal cecropins — cecropin A, cecropin B, and cecropin 
D — are small, highly homologous, basic peptides. In col- 
laboration with Merrifield, Boman's group snowed that the 
arnino-terminal half of the various cecropins contains a 
sequence that will form an amphipathic alpha-helix. 
Andrequ et al., "N-terminal analogues of cecropin A: 
synthesis, antibacterial activity, and conformational 
properties," Biochem., vol. 24, pp. 1683-1688 (1985). The 
carboxy-terminal half of the peptide comprises a hydropho- 
bic tail. See also Boman et a]., "Cell -free immunity in 
Cecropia," Eur. J. Biochem., vol. 201, pp. 23-31 (1991). 

Recently, a cecropin-like peptide has been isolated from 
porcine intestine. Lee et al., "Antibacterial peptides from pig 
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intestine: isolation of a mammalian cecropin," Proc. Natl. 
Acad. Sci. USA, vol. 86, pp. 9159-9162 (1989). 

Cecropin peptides have been observed to kill a number of 
animal pathogens other than bacteria. See Jaynes et al., "In 
Vitro Cytocidal Effect of Novel Lytic Peptides on Plasmo- 5 
dium falciparum and Trypanosoma cruzi," FASEB, 
2878-2883 (1988); Arrowood et al., "Hemolytic properties 
of lytic peptides active against the sporozoites of Cryptospo- 
ridium parvum," J. Protozool., vol. 38, No. 6, pp. 
161S-163S (1991); and Arrowood et al., "In vitro activities 10 
of lytic peptides against the sporozoites of Cryptosporidium 
parvum," Antimicrob. Agents Chemother., vol. 35, pp. 
224-227 (1991). However, normal mammalian cells do not 
appear to be adversely affected by cecropins, even at high 
concentrations. See Jaynes et al., "In vitro effect of lytic is 
peptides on normal and transformed mammalian cell lines," 
Peptide Research, vol. 2, No. 2, pp. 1-5 (1989); and Reed et 
al., "Enhanced in vitro growth of murine fibroblast cells and 
preimplantation embryos cultured in medium supplemented 
with an ampbipathic peptide, " Mol. Reprod. Devel., vol. 31, 20 
No. 2, pp. 106-113 (1992). 

Defensins, originally found in mammals, are small pep- 
tides containing six to eight cysteine residues. Ganz et al., 
"Defensins natural peptide antibiotics of human 
neutrophils," J. Clin. Invest., vol. 76, pp. 1427-1435 (1985). 25 
Extracts from normal human neutrophils contain three 
defensin peptides: human neutrophil peptides HNP-1, HNP- 
2, and HNP-3. Defensin peptides have also been described 
in insects and higher plants. Dimarcq et al., "Insect immu- 
nity: expression of the two major inducible antibacterial 30 
peptides, defensin and diptericin, in Phormia terranvae," 
EMBO J., vol. 9, pp. 2507-2515 (1990); Fisher et al., Proc. 
Natl. Acad. Sci. USA, vol. 84, pp. 3628-3632 (1987). 

Slightly larger peptides called sarcotoxins have been 
purified from the fleshfly Sarcophaga peregrina. Okada et 35 
al., "Primary structure of sarcotoxin I, an antibacterial 
protein induced in the hemolymph of Sarcophaga peregrina 
(flesh fly) larvae," J. Biol. Chem., vol. 260, pp. 7174-7177 
(1985). Although highly divergent from the cecropins and 
defensins, the sarcotoxins presumably have a similar anti- 40 
biotic function. 

Other lytic peptides have recently been found in amphib- 
ians. Gibson and collaborators isolated two peptides from 
the African clawed frog, Xenopus laevis, peptides which 
they named PGS and Gly 10 Lys 22 PGS. Gibson et al., "Novel 45 
peptide fragments originating from PGL„ and the caervlein 
and xenopsin precursors from Xenopus laevis," J. Biol. 
Chem., vol. 261, pp. 5341-5349 (1986); and Givannini et 
al., "Biosynthesis and degradation of peptides derived from 
Xenopus laevis prohormones," Biochem. J., vol. 243, pp. 50 
113-120 (1987). Zasloff showed that the Xenopus-derived 
peptides have antimicrobial activity, and renamed them 
magainins. Zasloff, "Magainins, a class of antimicrobial 
peptides from Xenopus skin: isolation, characterization of 
two active forms, and partial DNA sequence of a precursor," 55 
Proc. Natl. Acad. Sci. USA, vol. 84, pp. 3628-3632 (1987). 

Synthesis of nonhomologous analogs of different classes 
of lytic peptides has been reported to reveal that a positively 
charged, amphipathic sequence containing at least 20 amino 
acids appeared to be a requirement for lytic activity. Shiba 60 
et al., "Structure-activity relationship of Lepidopteran, a 
self-defense peptide of Bombyx more," Tetrahedron, vol. 
44, No. 3, pp.787-S03 (1988); and unpublished data from 
our laboratory. The published literature has reported that a 
20-mer appeared to possess roughly the minimum alpha- 65 
helix length needed to span a cell membrane. Smaller 
peptides (or lower concentrations of peptide) not only failed 



to kill cells, but were reported actually to stimulate cell 
growth. Reed et al., "Enhanced in vitro growth of murine 
fibroblast cells and preimplantation embryos cultured in 
medium supplemented with an amphipathic peptide," Mol. 
Reprod. Devel., vol. 31, No. 2, pp. 106-113 (1992). 

Cecropins have been shown to target pathogens or com- 
promised cells selectively, without affecting normal host 
cells. The synthetic lytic peptide known as Shiva 1 has been 
shown to destroy intracellular Brucella abortus-, Trypano- 
soma cruzi-, Cryptosporidium parvum-, and infectious 
bovine herpes virus I (IBR)-infected host cells, with little or 
no toxic effects on noninfected mammalian cells. See Jaynes 
et al., "In vitro effect of lytic peptides on normal and 
transformed mammalian cell lines," Peptide Research, vol. 
2, No. 2, pp. 1-5 (1989); Wood et al., "Toxicity of a Novel 
Antimicrobial Agent to Cattle and Hamster cells In vitro," 
Proc. Ann. Amer. Soc. Anim. Sci., Utah State University, 
Logan, UT. J. Anim. Sci. (Suppl. 1), vol. 65, p. 380 (1987); 
Arrowood et al., "Hemolytic properties of lytic peptides 
active against the sporozoites of Cryptosporidium parvum, " 
J. Protozool., vol. 38, No. 6, pp. 161S-163S (1991); Arro- 
wood et al., "In vitro activities of lytic peptides against the 
sporozoites of Cryptosporidium parvum," Antimicrob. 
Agents Chemother., vol. 35, pp. 224-227 (1991); and Reed 
et al., "Enhanced in vitro growth of murine fibroblast cells 
and preimplantation embryos cultured in medium supple- 
mented with an amphipathic peptide," Mol. Reprod. Devel., 
vol. 31, No. 2, pp. 106-113 (1992). 

Morvan et al., "In vitro activity of the antimicrobial 
peptide magainin 1 against Bonamia ostreae, the intra- 
hemocytic parasite of the flat oyster Ostrea edulis, " Mol. 
Mar. Biol., vol. 3, pp. 327-333 (1994) reports the in vitro use 
of a magainin to selectively reduce the viability of the 
parasite Bonamia ostreae at doses that did not affect cells of 
the flat oyster Ostrea edulis. 

Also of interest are the foflowing commonly-assigned 
patent applications: Jaynes et al., "Method for Introduction 
of Disease and Pest Resistance Into Plants and Novel Genes 
Incorporated Into Plants Which Code Therefor," United 
States patent application Ser. No. 07/373,623, filed Jun. 29, 
1989 abandoned; Jaynes et al., "Plants Genetically 
Enhanced for Disease Resistance," United States patent 
application Ser. No. 07/646,449, filed Jan. 25, 1991 aban- 
doned; Jaynes et al., "Therapeutic Antimicrobial 
Polypeptides, Their Use and Methods for Preparation," Ser. 
No. 07/069,653, filed Jul. 6, 1987 abandoned; Jaynes et al., 
"Inhibition of Eucaryotic Pathogens and Neoplasms and 
Stimulation of Fibroblasts and Lymphocytes with Lytic 
Peptides," United States patent application Ser. No. 07/102, 
175, filed Sep. 29, 1987 abandoned; Jaynes, "Lytic Peptides: 
Their Use in the Treatment of Microbial Infections, Cancer 
and in the Promotion of Growth," United States patent 
application Ser. No. 07/336,181, filed Apr. 10, 1989 aban- 
doned; and McLaughlin et al., "Amphipathic Peptides," 
United States patent application Ser. No. 08/232,525, filed 
Apr. 22, 1994 abandoned. 

It is believed (without wishing to be bound by this 
theory) that lytic peptides act by disrupting cell membranes, 
and that normal host cells protect themselves through their 
ability to repair the resulting membrane damage. By 
contrast, bacteria, protozoa, and compromised host cells are 
unable (or less able) to repair damaged membranes. Because 
parasitized cells have a diminished capacity to repair 
membranes, after a lytic peptide "attack" they are preferen- 
tially destroyed, while adjacent normal cells repair their 
membranes and survive. 

At least three modes have been proposed for the lytic 
peptide-membrane interaction that leads to cytolysis: (1) 
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The amphipathic helix is located on the membrane surface, 
and the presence of the helix in the head group region 
disorders the lipid bilayer. Dawson et al., "The interaction of 
bee melittin with lipid bilayer membranes," Biochem. Bio- 
phys. Acta., vol. 510, pp. 75-86 (1978). (2) Peptide oligo- 5 
mers form ion channels in the membrane, resulting in 
osmotically-induced lysis. Tosteson et al., "The sting — 
melittin forms channels in lipid bilayers," Biophys. J., vol. 
36, pp. 109-116 (1981). (3) The lytic peptide causes aggre- 
gation of native membrane proteins, resulting in the forma- 10 
tion of channels or pores. Burt et al., "Role of membrane 
proteins in monosodium urate crystal-membrane interac- 
tions. I. Effect of pretreatment of erythrocyte 
neuraminidase," J. Rheumatol., vol. 17, pp. 1353-1358 
(1990). ns 

Many intracellular obligate pathogens live inside host 
cells because they are vulnerable to host defenses when 
outside the cell, where they may be destroyed by humoral or 
cellular defenses, or by conventional therapeutic agents. 
Also, known viruses and intracellular protozoa require a 20 
staging development within a host cell before becoming 
infectious; if released prematurely they will not be infective. 
Evidence indicates that the released infective stages in 
bacterial, fungal, and protozoal pathogens are directly 
destroyed by lytic peptides. See Jaynes et al., "In vitro effect 25 
of lytic peptides on normal and transformed mammalian cell 
lines," Peptide Research, vol. 2, No. 2, pp. 1-5 (1989); 
Jaynes et al., "In Vitro Cytocidal Effect of Novel Lytic 
Peptides on Plasmodium falciparum and Trypanosoma 
cruzi," FASEB, 2878-2883 (1988); Arrowood et al., 30 
"Hemolytic properties of lytic peptides active against the 
sporozoites of Cryptosporidium parvum, " J. Protozool., vol. 
38, No. 6, pp. 161S-163S (1991); and Arrowood et al., "In 
vitro activities of lytic peptides against the sporozoites of 
Cryptosporidium parvum, " Antimicrob. Agents Chemother., 35 
vol. 35, pp. 224-227 (1991). 

Plants Transformed with Lytic Peptide Genes 
A number of synthetic lytic peptides have been 
synthesized, retaining some properties of native lytic pep- 
tides. For example, Shiva I was designed as a substitution 40 
analog of native Cecropin B, having 46% homology to the 
natural Cecropin B molecule. However, the hydrophobic 
properties and charge density of the native structure were 
conserved in the synthetic peptide. Data supporting the 
ability of the Shiva I gene to enhance disease resistance has 45 
been obtained from transgenic plants. Genes encoding syn- 
thetic lytic peptides were chemically synthesized and cloned 
into the binary vector pBI121. For the less active peptide 
SB-37 (a cecropin analog), expression was controlled by a 
constitutive promoter, the 35S cauliflower mosaic virus 5' 50 
region-nopaline synthetase-3' polyadenylation cassette 
(Rogers et al. "Improved vectors for plant transformation 
expression cassette vectors and new selectable markers," 
Meth. Enz. vol. 153, pp. 253-305 (1987)). For the more 
active Shiva I, expression was controlled by the wound- 55 
inducible plant promoter for proteinase inhibitor II ("Pill") 
(Sanchez-Serrano et al., "Wound-induced expression of a 
potato proteinase inhibitor II gene in transgenic tobacco 
plants," EMBO J. vol. 6, pp. 303-306 (1987); Jaynes et al, 
"Expression of a cecropin B lytic peptide analog in trans- 60 
genie tobacco confers enhanced resistance to bacterial wilt 
caused by Pseudomonas solanacearum," Plant Science 
(1993). 

In non-wounded potato plants, Pill accumulates in the 
tubers, with non-detectable levels of the protein in leaves, 65 
stem or roots. When the leaves are wounded, however, 
expression of the gene is induced not only in the wounded 
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leaves, but also in non-wounded upper and lower leaves and 
in the upper part of the stem. Pena-Cortes et al, "Systemic 
induction of proteinase-inhibitor-II gene expression into 
potato plants by wounding," Planta, vol. 174, pp. 84-91 
(1988). 

Transgenic tobacco plants with genes coding for lytic 
peptides have also been obtained via Agrobacterium trans- 
formation. Bioassays testing the disease resistance of Fj 
progeny indicated that, compared to transgenic controls and 
SB-37 plants, Shiva-containing tobacco seedlings exhibited 
delayed wilt symptoms and reduced disease severity and 
mortality after infection with a highly virulent strain of 
Pseudomonas solanacearum. (P. solanacearum is a vascular 
pathogen that causes severe wilting.) Jaynes et al., "Expres- 
sion of a cecropin B lytic peptide analog in transgenic 
tobacco confers enhanced resistance to bacterial wilt caused 
by Pseudomonas solanacearum, " Plant Science (1993). No 
enhanced resistance was observed for the plants producing 
the synthetic peptide SB-37, presumably because of its low 
bioactivity against this pathogen. Destefano-Beltran et al., 
Mol. Biol, of the Potato, pp. 205-221 (1990). 

In contrast to this work in plants, to the knowledge of the 
inventors, no previous work has resulted in the successful 
expression of exogenous cecropin (or any other lytic 
peptide) in mammalian or other animal cells. In fact, very 
few invertebrate genes have ever been stably expressed in a 
vertebrate cell, and even fewer non-mammalian genes have 
ever been stably expressed in a mammalian cell. 
Transformation of Eukaryotic Genomes 
A major problem in transforming DNA into eukaryotic 
cells, especially into the cells of mammals and other 
vertebrates, is the stable integration of the exogenous DNA 
into a recipient chromosome. Several techniques are cur- 
rently used for the delivery of the DNA into the recipient 
host, techniques that have shown varying degrees of success. 
The first, and currently most common, method for transfor- 
mation of animals is the microinjection of exogenous DNA 
into a one- or two-cell embryo. This procedure has several 
drawbacks, including the following difficulties: (1) the tech- 
nique requires a level of skill that is not available in most 
laboratories; (2) the procedure is very time-consuming, 
often requiring an entire day to microinject a few hundred 
embryos; and (3) the method has a relatively low success 
rate — typically about 1-3% of the injected embryos are 
observed to have a stable insertion. 

The second most common procedure is electroporation. 
Electroporation has advantages over microinjection, prima- 
rily in speed. Using electroporation, several thousand 
embryos can be transformed in a day. Major limitations 
include the following: (1) the availability of embryos, (2) 
means to maintain and screen the embryos and (3) the 
approximately 50% lethality levels caused by the electric 
currents typically used. The high lethality is somewhat offset 
by the increased number of embryos demonstrating positive 
expression, a number that can approach 15%, about five 
times that of the best microinjection rates. 

A third method, currently gaining popularity, is the use of 
lipofection to deliver DNA packaged inside liposomes. 
Lipofection has the advantage over electroporation that it is 
not as lethal to the cells. Lipofection typically results in a 
1-2% increase in successful transformations as compared to 
electroporation. 

However, each of these three transformation methods 
shares the common disadvantage of relying on homologous 
recombination of the target DNA into recipient chromo- 
somal DNA; the necessary homologies may not always 
exist, and even where they do exist, the recombination 
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events may be slow. In addition, each of the above percent- p-D-thiogalactopyranoside (IPTG), allowing complete con- 
ages for successful DNA expression is decreased by a factor trol over when the transposase is activated to cause trans- 
of approximately two if the only insertions counted are those position of the transposon. Furthermore, the transposase is 
that are successfully passed on to subsequent generations of °f ten mutated so that it is less specific to "hot spots," 
cells or offspring. 5 sequences where the wild-type transposon preferentially 
Because the limiting factor for most transformations is inserts. This lowered specificity increases the rate of inser- 
typically the availability of embryos, it is desirable to tion into the genome. 

optimize the chances of stable DNA insertion into the Mini-transposons have previously been used in place of 

available embryos. An embryo, regardless of source, should wild-type transposons to cause mutations by disrupting 

be in the 2-4 cell stage of development to maximize the 10 genes, and to study pathogenesis. It has not previously been 

probability of a stable insertion that will be incorporated into suggested that a mini-transposon might be used as a vector 

the germ cells. Obtaining embryos at this stage requires for stably transforming an exogenous gene into a eukaryotic 

careful timing; and a quick response time will often be chromosome. 

necessary to ensure that the cells are manipulated while in THE INVENTION 

the proper stage, before their development progresses too 15 , , 

£ ar Novel means have been discovered for increasing the 

Current procedures for the genetic transformation of resistance of; a mammalian (including human), vertebrate, or 

higher organisms are not only time-consuming, but are also vertebrate host to diseases caused by intracellular bacteria, 

expensive in terms of person-hours used. For these and other protozoa and viruses The infection treated may, for 

reasons, there remains an unfilled need for a more efficient 20 f am P le > be ^ ^ctious anemia, or infection by the 

means of delivering and stably integrating exogenous DNA ^uman immunodeficiency virus. Novel means have also 

into the chromosomes of a higher organism. been found for treatin S mmors - 

Transposons Augmentation of the host's defenses against infectious 

A transposon is a mobile genetic element capable of diseases or tumors is achieved by "arming" the host's cells 

inserting at random into a DNA sequence. See generally 25 w,th an exogenous gene. The host's own leukocytes, other 

Lewin, Genes IV, pp. 649-671 (1990); and Lewin, Genes V, celk involved in resistance to infection, or other cells are 

pp. 999-1031 (1994). Most prior research on transposons transformed with a gene conferring the ability to synthesize 

has been conducted with bacteria; a limited number of and secrete natural or synthetic lytic peptides, such as native 

studies have been conducted with transposons in eukaryotic cecropin B or synthetic lytic peptides such as SB-37, Shiva 

cells. A wild-type transposon typically includes a gene 30 1 through X, or Mamtou. The expression of the genes is 

encoding a transposase (an enzyme controlling induced when needed to combat pathogens, 

transposition), flanked by two sequences called insertion For example, the transfection of hematopoietic stem cells 

sequences. It may also carry other genes, such as a gene for and embryonic cells will produce animals (or humans) with 

antibiotic resistance. The insertion sequences are generally enhanced disease resistance; and transfection of leukocytes 

inverted repeats of one another (exact or closely related). 35 such as TIL (tumor infiltrating lymphocytes) cells, 

Wild-type transposons typically insert preferentially in cer- neutrophils, macrophages, or cytotoxic lymphocytes can be 

tain regions or "hot spots" in the host genome. used in the treatment of rumors. Stable incorporation of the 

Prior work with transposons has used transposons for gene into an egg, a zygote, an early-stage embryo, or a 

creating mutations, e.g., disrupting existing genes; and in totipotent embryonal stem cell will cause the gene to be 

studying pathogenesis. In such applications, unmodified 40 carried in germ cells, and thus to be inherited by future 

wild-type transposons have several disadvantages. These generations. Such a transformed animal (e.g., a chicken or a 

disadvantages include undesired homologous recombina- catfish) would have economic significance, 

tions resulting from the relatively large size of the insertion Transgenic animals that have been or that will be engi- 

sequences, and spontaneous transposition of a transposon to neered with genes and promoters in accordance with the 

another location in the genome induced by the transposase. 45 present invention include domesticated donkeys, horses, 

Spontaneous transposition is relatively rare, but it can cause cows, sheep, goats, pigs, chickens, and turkeys; as well as 

the expression of a new phenotypic trait, making interpre- various species that are raised or that may be raised in whole 

tation of results difficult. or in part through aquaculture, including bony fish, 

"Mini-transposons" have recently been developed to crustaceans, and bivalves such as the following: channel 

attempt to circumvent some of the problems associated with 50 catfish, koi, red drum, hybrid striped bass, trout sp., salmon 

wild-type transposons. Kleckner et al., "Uses of Trans- sp., shrimp sp., lobster sp., crawfish spa, crab sp., and oyster 

posons with Emphasis on TnlO," pp. 139-180 in Miller sp. 

(ed.), Methods in Enzymology, vol. 204 (1991). These mini- It has been discovered that genes coding for a cecropin or 

transposons have been modified from the wild-type trans- other native or synthetic lytic peptide, such as native 

posons in three ways: (1) The transposase gene has been 55 cecropin B or Shiva 1, can be transferred and stably 

removed from its native site between the two insertion expressed in mammalian, other vertebrate, and other animal 

sequences, and instead placed upstream from the transposon. cells. The transformed cells have the ability to produce and 

This rearrangement promotes a more stable insertion that secrete a broad spectrum chemotherapeutic agent that has a 

should not move following insertion, because the trans- systemic effect on certain pathogens, particularly pathogens 

posase gene is lost upon insertion. (2) The insertion 60 that might otherwise evade or overcome host defenses. The 

sequences have been shortened to about 70 base pairs in peptide's expression is preferably induced only in areas of 

length, compared to sequences that are typically well over infection, where it will most effectively augment the host's 

100 base pairs in wild-type transposons. This shorter length defense systems. Animal cells, including mammalian cells 

greatly inhibits unwanted homologous recombinations. (3) and fish cells, have been transfected with cecropin B, and 

The entire transposon "cassette" has been placed under the 65 will also be transfected with cecropin analogs. It has been 

control of an inducible promoter, such as the ptac promoter. observed that expression of the exogenous gene does not 

The ptac promoter is only read in the presence of isopropyl- damage a healthy recipient cell. 
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Novel means have also been discovered for transforming sequences (typically 8-10 base paris in length), regardless of 

a eukaryotic cell with a gene under the control of an the species in whose genome the target sequences are found; 

exogenous promoter that is responsive to an inducer of an and they will insert into the target sequence the DNA lying 

acute-phase peptide or protein. As an example, it was between the flanking insertion sequences. Target sequences 

unexpected that the transfer of a gene coding for an inver- 5 for a given transposon will occur in a genome at a statisti- 

tebrate lytic peptide, or a synthetic homolog of such a cally predictable frequency, such that it is statistically likely 

peptide, can enhance the immune potential of a vertebrate that any given eukaryotic genome will have multiple target 

animal. It is particularly unexpected that placing (or leaving) sequences for the insertion sequences from any given trans- 

the gene under the control of a native invertebrate promoter poson. 

such as the native Hyalophora cecropia promoter leads to to General 

appropriately induced expression in vertebrate cells. To our Studies in our laboratory have shown that a variety of 
knowledge, the stable insertion and expression of a gene in treatments make cells susceptible to at least some lytic 
a vertebrate cell under the control of an invertebrate pro- peptides, in situations where corresponding untreated cells 
moter have never previously been accomplished. To our are resistant , 0 the peptides . Res istant ccUs can be ma de 
knowledge, the stable insertion and expression of a gene in is suscep tible by treatment with cytoskeletal inhibitors, 
a eukaryotic cell under the control of an exogenous promoter cytochalasin D and colchicine, or by chilling the cells to 4° 
responsive to an inducer of an acute phase protein has never c for 15 minutes prior to exposure t0 peptide. Resistant 
previously been accomplished. cdls treated ^ trypsin ako became extrem ely susceptible 
A novel transposon-based vector has also been developed, to lysis by the lytic peptides. A common factor in each of 
a novel vector that enhances the integration of DNA into a 20 these examples of induced susceptibility appears to be an 
host genome, particularly a eukaryotic genome. The novel altered plasma membrane and/or cytoskeleton. The alter- 
vector has been used, for example, in the transformation of ation may interfere with the repair of damaged membrane by 
mammalian and fish cells with a gene coding for the lytic hampering endocytosis or exocytosis. 
peptide cecropin B. The novel vector allows the rapid and Further evidence of the selective susceptibility of mac- 
efficient transformation of a eukaryotic genome. Its use does 25 rophages t0 the lytic peptides was obtained in a series of 
not require the high level of skill needed for microinjections. experiments using mouse peritoneal macrophages and List- 
not does it rely on homologous recombination events for a eria monocytogenes, an obligate intracellular, gram-positive 
successful transformation, as do the prior methods of bacterium. Normal, non-activated, resident peritoneal mac- 
microinjection, electroporation, and lipofection. rophages (Rl); and activated macrophages derived from the 
These and other advantages were achieved by construct- peritoneal cavities of Listeria-immune mice inoculated 



a novel modification of mini-transposons to adapt them intra-peritoneally 17 hours earlier with Listeria (LI) v 
to carry a gene of interest into a genome. Such an adaptation exposed in vitro to Listeria and then treated with a lytic 
of mini-transposons has never previously been suggested. peptide. Additionally, resident macrophages from normal 
Briefly, the novel vector for transforming an exogenous 3J non-Listeria immune mice were infected in vitro with List- 
gene into a eukaryotic cell comprises: a gene encoding a eria (L2) and treated with the Shiva I peptide. The Shiva 
transposase; two transposon insertion sequences; an exog- peptide had little effect on control resident macrophages 
enous gene, where the exogenous gene is located between (RI). Neither Listeria alone nor the peptide alone (without 
the two insertion sequences; and a promoter that is adapted Listeria infection) resulted in significant cell death, 
to cause the transcription of the transposase, where one of 4Q However, Listeria-infected macrophages (LI and L2) were 
the insertion sequences is located between the transposase killed by the peptide. Macrophages from Listeria-immune 
gene and the exogenous gene; and where the transposase is mice (LI) re-exposed to Listeria by intraperitoneal inocu- 
adapted to excise from the vector a fragment comprising the lation 17 hours earlier were killed when exposed to the 
two insertion sequences and the portion of the vector peptide. The presence of intracellular Listeria was confirmed 
between the two insertion sequences, and to insert the 4J by microscopic examination of the groups of cells prior to 
excised fragment into a chromosome of a eukaryotic cell. treatment. 

This arrangement insures that the transposase gene is not As described in greater detail below, we have developed 
incorporated into the target chromosome, insuring that the a construct carrying the gene for the native cecropin peptide 
transformation will be stable. Descendants of a cell trans- and the native cecropin promoter, a construct that can be 
formed with the vector will not have a copy of the trans- 50 inducibly expressed in animal cells, and that has been 
posase gene. Without a transposase gene to encode a successfully expressed in mammalian cells and fish cells, 
transposase, there will be nothing to promote excision of the This result is quite unexpected, particularly because a native 
exogenous gene from the genome. insect promoter has been successfully used to regulate 

The examples given below use a vector based on the TnlO expression of a gene in mammalian cells. The construct was 
transposon, but analogous vectors constructed from other 55 made so that the native g ene > or synthetic genes for ana- 
transposons will work in the present invention as well. logues of the native peptides, can be placed under the control 
Examples of transposons are known in the art, and include, of the native cecropin promoter. 

for example, AC7, Tn5SEQl, Tn916, Tn951, Tnl721, The plasmid construct designated "PCEP" carries both the 
Tn2410,Tnl681,Tnl,Tn2,Tn3,Tn4,Tn5,Tn6,Tn9,Tn30, native cecropin promoter and the native cecropin gene. 
TnlOl, Tn903, Tn501, Tnl000(y5), Tnl681, Tn2901, AC 60 Electroporation of the pCEP construct into fetal donkey 
transposons, Mp transposons, Spm transposons, En dermal cells ("FDD cells") resulted in the expression of 
transposons, Dotted transposons, Mu transposons, Ds antibacterial substances when those cells were co-cultured 
transposons, dSpm transposons, and I transposons. with viable E. coli. This antibacterial activity was not 

All transposons function in an essentially similar manner, observed in control electroporated FDD cells, 
so the transposon used to construct novel vectors in accor- 65 Transformation of Fetal Donkey Dermal Cells 
dance with this invention is a matter of choice. The insertion Fetal donkey dermal cells were chosen as a model system 
sequences of a transposon will recognize their target for cecropin expression. This cell line was chosen for several 
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reasons. First, it was known from prior studies that these 
cells are resistant to lysis by lytic peptides. Second, this cell 
line had previously been used to study the antiviral activity 
of several lytic peptides against Equine Infectious Anemia 
(EIA) infection. The EIA-infected cells were lysed by the 
peptides, while uninfected cells were not. The cell line has 
been demonstrated to be refractory to damage from elec- 
troporation. Finally, these cells will act as hosts in vitro for 
Listeria monocytogenes and Trypanosoma cruzi, agents to 
be used to evaluate the antibacterial and anti-protozoal 
activity of cells expressing native or analog lytic peptides. 

FDD cells were cultivated in Eagle's minimum essential 
medium (MEM), supplemented with Earle's salts, 
L-glutamine, nonessential amino acids, 5% fetal bovine 
serum (FBS), and the antibiotics penicillin (100 unit/ml) and 
streptomycin (100 /*g/ml). Cells were split once a week until 
the desired number were obtained. Conditioned medium that 
had been clarified from a freshly split culture of FDD cells 
after 24 hours of culture was used to maintain the cells after 
electroporation. 

Prior to electroporation, FDD cells were rinsed with 
phosphate buffered saline (PBS), scraped from the flask, 
rinsed again with PBS, and counted. The concentration of 
cells was adjusted to 9xl0 5 cells/100 juL, and the cells were 
placed in a BioRad 0.4 cm (electrode gap width) electropo- 
ration cuvette. To this cuvette were also added 400 /iL of 
PBS and 1.4 v% of linearized pCEP DNA. The cuvette and 
its contents were kept on ice until electroporation. The cells 
were electroporated at 2.0 KV and 1 fiF in the presence of 
10 mM IPTG. Immediately after electroporation, 0.5 ml of 
conditioned medium was added to the cells, which were then 
incubated on ice for a 10 min recovery period. The cells 
were then transferred to flasks containing equal parts of 
conditioned medium and fresh medium, and were allowed to 
form a monolayer. Monolayered cells were trypsinized, 
subpassaged in 24-well plates, and allowed to form a mono- 
layer. These cells were then subpassaged into 96-well plates. 
In the 96-well plates, the cells were grown without any 
antibiotics, and allowed to form a monolayer. 

A two-step method was used to enrich for the population 
of cells expressing the antibacterial substance. It has been 
observed that antibacterial activity in cells expressing lytic 
peptides is associated with a loss of cellular sensitivity to 
trypsin. This trait allowed the selective removal of cells not 
expressing the antibacterial substance. Cultures were first 
exposed to E. coli, followed by exposure to trypsin. Cultures 
demonstrating antibacterial activity were scraped to remove 
the trypsin-resistant cells. These trypsin-resistant cells were 
then further diluted and subcultured. Those cells continued 
to divide to produce a monolayer culture of FDD cells 
resistant to bacterial colonization. Cultures of cells express- 
ing antibacterial activity were demonstrated to contain the 
cecropin gene by Southern blotting. Electroporated cell 
monolayers unable to prevent bacterial colonization were 
presumed to be negative for expression of the cecropin gene. 

Pathogen Challenges 

When the monolayer was complete, a first challenge with 
pathogenic E. coli (isolated from a case of equine cystitis) 
was added at a concentration of 10 bacteria/well. This low 
concentration was chosen to attempt to stimulate cecropin 
production, without overwhelming the culture. In the second 
challenge, bacteria were added at a rate of 1000/well and 
incubated overnight. After incubation, the wells were exam- 
ined for colonization of the bacteria in clumps on the surface 
of the FDD cell monolayer. Bacterial colonization ranged 
from wells with no bacterial colonies to wells overgrown 
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with bacterial colonies. Wells in which there was no colo- 
nization or only slight colonization (about 15% of the total) 
were rinsed, and antibiotic medium was added back to the 
wells. Cells were harvested and transferred to flasks to allow 

s monolayer formation. It was observed that the FDD cultures 
that prevented colonization of bacteria also showed a loss of 
trypsin sensitivity. This same phenotypic trait had previ- 
ously been observed in FDD cells following exposure to 
exogenous cecropin analogs. 

io The transformed FDD cells expressed the cecropin gene 
inductively, rather than constitutively. When the cells were 
split before exposure to bacteria, they were susceptible to 
treatment with trypsin; but after exposure to bacteria and 
subsequent cecropin production, the cells were resistant to 

15 trypsinization. 

FDD cells positive and negative for antibacterial activity 
were expanded in 75 cm 2 flasks Both groups of cells were 
challenged with 10 3 -10 s EIA viral particles and incubated at 
37° C. Daily examination of the cells showed the negative 

20 control cells acting as normally-infected EIA cells. 
However, the FDD cells positive for antibacterial activity 
demonstrated an increased cytopathic effect, manifested 
approximately 3 days before that of the control cells. This 
increased cytopathic effect is believed to be due to cecropin 

25 production by the FDD cells, a hypothesis that will be tested 
through a series of deletion mutations, as described below. 
These results demonstrate the usefulness of the present 
invention in treating virally-infected cells. 

Electroporation of FDD cells has been repeated five 
times, and bacterial challenges have been performed on all 
five groups. Cells positive for antibacterial activity have 
been detected in each of the groups. Cells from the earliest 
electroporations have been passaged numerous times; they 
have also been frozen and brought back to culture; all 

35 without any apparent loss in viability or phenotypic changes. 
The incorporation of DNA appeared to be stable: cecropin 
mRNA was detected in cells descended from the first 
electroporation that had subsequently been passaged four 
times. 

Confirmation of Transformation by Southern Blot 
Southern blot analysis was performed both on FDD cells 
that were positive for antibacterial activity, and on FDD cells 
that were negative for antibacterial activity. Electroporated 

45 cells not receiving DNA were used as negative controls in 
the Southern analysis. The chromosomal DNA was har- 
vested from FDD cells using the protocol of Ausubel et al, 
Current Protocols in Molecular Biology, vols. 1 and 2 (1991) 
for tissue-culture cells, and that DNA was electrophoresed 

50 on a 0.8% agarose gel. The DNA was transferred from the 
gel to a positively charged nylon membrane (Zeta Probe GT; 
Bio-Rad Laboratories, Richmond, Calif.), where it was 
probed with the cecropin gene isolated from pMON 200. 
The probe was prepared, and the subsequent hybridization 

55 was performed, using the non-iso topic Genius 1™ nonra- 
dioactive DNA labelling and detection kit (Boehringer Man- 
nheim Corporation, Indianapolis, Ind.). The high stringency 
protocol was performed according to the manufacturer's 
instructions. Positive hybridization results were observed 

60 only in the electroporated cells receiving pCEP DNA and i° 
the pCEP vector used as a positive control No hybridization 
was seen in the electroporated cells that did not receive 
pCEP DNA. 

Confirmation of Transformation by PCR 

65 FDD cells positive for cecropin were rinsed with PBS and 
fed with MEM that contained antibiotics as described above. 
The positive clones were passaged three times to try to 
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insure that no cecropin or associated mRNA remained in the cecropin B peptide in response to exposure to pathogenic E. 

cells. After the third passage formed a monolayer, the cells coli. Replication of the cells was not affected. More 

were split into two groups. One group was challenged with generally, we expect that a wide variety of animal cells will 

bacteria, and the second group received a PBS treatment express genes placed under the control of exogenous pro- 

without bacteria as described above. After a 24-hour 5 moters responsive to inducers of acute-phase proteins or 

incubation, both groups were harvested, and RNA was peptides, due to the high degree of homology many such 

harvested by the method of Ausubel et al., Current Protocols proteins and peptides have maintained across widely- 

in Molecular Biology, vols. 1 and 2 (1991). Briefly, 3.5 ml separated taxa. 

of 4 M guanidinium thiocyanate solution was added per each Without wishing to be bound by this theory, the fact that 
10 s cells, both to lyse the cells and to inactivate any RNase 10 lne insect promoter was appropriately induced in a mam- 
present. The resulting lysate was suspended in 5.7 M cesium malian cell suggests that there is substantial homology 
chloride, and centrifuged at 150,000x g for 16 hours to between the acute phase response (APR) mechanisms of 
separate RNA from DNA. The RNA pellet was resuspended insect cells and mammalian cells — sufficient homology that 
in TES (10 mM TrisHCl, pH 7.4; 5 mM EDTA; 1% sodium the mammalian cells recognize the insect promoter and 
dodecyl sulfate (SDS)), 3 M sodium acetate, and 100% 15 express the gene controlled by that promoter, 
ethanol, and then placed on dry ice/ethanol for 30 min to Various APR's from various species that have been iden- 
precipitate the RNA. The pelleted RNA was resuspended in tified to date share certain similarities at the genetic level, 
200 fiL of sterile, distilled water, and quantitated by mea- similarities that may be related to their transcription. Known 
suring absorbance at 260 nm and 280 nm. IL-1 sequences, tumor necrosis factor (TNF), human lym- 

The poly(A)-RNA(i.e., mRNA) was then separated from 20 photoxin (IT), human and mouse granulocyte-macrophage 

the tRNA and rRNA as follows. Total RNA was denatured colony stimulating factors (GM-CSF), and fibronectin 

by heating to 70° C. for 10 minutes to expose any poly(A)+ sequences have a common 8 base sequence— TTATTTAT— 

sites, and to disrupt secondary structures. The RNA mixture in the re g ion of the S ene that is transcribed into an untrans- 

was passed through an oligo(dT) column to bind the poly lated portion of the 3' end of the mRNA. Although the 

(A)+ sites. The column was then washed twice to remove 25 function of this sequence is not known, it is believed to 

rRNAand tRNA, and then 2 mM EDTA/0.1% SDS was used influence the termination codon in some fashion; in homolo- 

to elute the mRNA. The mRNA was precipitated with § ous molecules in different organisms, e.g., human and 

ethanol and sodium acetate, and resuspended in TE (10 mM mouse IL4 > the distance to the termination codon is con- 

TrisHCl, pH 8.0, and 1 mM EDTA). served. Alternatively, it may serve as a possible target for 

The mRNA was then used for PCR amplification using 30 «nf oribonucleases involved in the rapid removal of mRNA 

the semi-quantitative protocol of Dallman et al., "Semi wheD * fl — ™ -ases. Caput et al Identification of a 

quantitative PCR for the analysis of gene expression," in <™n nucleotide sequence in the 3'-untranslated region 

Rickwood et at. (eds.), PCR: A Practical Approach (1991). ° f mR M NA ™ ol ™f S ^f^'f™™^ ™?,TZr\ 

Briefly, synthesis of cDNA from the mRNAwas performed l mc : , NatL Ac £ Sci " USA > Y«f 83 > PP- 1670-1674 (1986); 

with reverse transcriptase from Moloney murine leukemia 35 TomatU et al., Regulation of the Human C-reactive Protein 

,„•,,.*. rn;u~~ nr>i \ it.- • „„ ,„ , u l „„ „ • „ Gene, a major marker of Inflammation and Cancer,' Mol. 

Z£^S^£^S^£Z B f M t voL \ Z 199 f tVrV* "r? 

94° C, 1 min (denaturing); at 55° C, 2 min (annealing); and ?~ ^ ^cent y been identified in the gene for the 

at 72° C. 1 min (extension). After 10-20 cycles, 15 M L LPS-bindmg protein of the American cockroach 

samples can be taken at the end of every 5th cycle, and 40 P ^f? ea "P*™*™- Jomo " * al. ''Molecular Coning of 

stored in 96-well microliter plates. Quantitation of the fP . for ^polysaccharide binding Protein from the 

unknown cDNA was achieved" by having internal oligo- ^rtaS I R ol n™™ , 966™ 't \TA 

nucleotide standards that were titrated against the cDNA. """"' J " Bml Chem ' V ° L 266 > PP " 13318 - 13323 

The concentration of the standard at which the amount of ' '" 

amplification product was equal to the amount of amplifi- 45 Another common APR sequence m the portion of the gene 

cation product from the target approximated the starting corresponding to the 3' untranslated region of the mRNA's 

concentration of the experimental DNA (to within, say, an t0 u be the ^ uence ATTTA, a sequence that is 

order of magnitude) believed to be responsible for unstable mRNA. Jomon et al., 

„ - JT ^„ „ . „ . . . "Molecular Cloning of cDNA for Lipopolysaccharide bind- 

One group of trar*f^ 5Q j protein froffl ^ Hemol pb Q f the ^ 

bacteria for 6 hours, after which the cells were harvested for Cockroach> Periplaneta americanai » j. B iol. Chem. vol. 

mRNA isolation. Purified mRNAwas reverse-transcribed to „„ 1U1C A m n ai a »-c a a 

w , . . 266, pp. 13318-13323 (1991). Also identified as conserved 

cDNA using Moloney Munne virus reverse transcriptase. ions ^ are J m ccs corresponding to 

Following the procedure described above, the CDNA was non . translated "sequences ^ 5. end of the mRNA's. One 

added to a PCR-amphfication mixture with primers to 5J such ^ fe TGGRAA ^ which has been rted for 

pre-cecropm B, and was cycled 30 times m the thermocy- a 2. m acroglobulin, al-acid glycoprotein, Y -fibrinogen, hap- 

cler FDD cells without vector DNA were used as negative , lobin and humaQ c . reactive ^ (CRp) Dente et al 

controls. The mRNA from one group of cells showing .< Stnlcture of the H uman oxacid glycoprotein gene: 

antibacterial activity had a 180 bp fragment that corre- ^ homol ^ othe Auman acute phase prot ein 

sponded to the size that was expected to be amplified, based 6Q Nud ^ 3941-3952 (1985); 

onthedesignofthepnmersThasbandwasnotpresentinto p e( aJ « R lation of m ^Acute-Phase genes by 

control ceU mRNA, nor in the non-challenged cecropm- , nterleukin . 6 and production of he p at ocyte stimulating fac- 

transformed FDD cells showmg that the cecropin was not toR . b m h ^ ^ „ ^ £ y ^ sd vol s 55y 

constitutively produced. pp 317 _ 331 (1989) . Toniatti ^ ^ « Regulation of the 

Acute Phase Response Mechamsms 65 Human C-reactive Protein Gene, a major marker of Inflam- 

Our results demonstrate the ability of FDD cells to mation and Cancer," Mol. Biol. Med. vol. 7, pp. 199-212 

recognize the native cecropin promoter, and to express the (1990). Other conserved 5' transcription factors include the 
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CCAAT/enhancer binding protein (C/EBP) and the CCATT primers for the second strand. The mutant cecropin promoter 

box and enhancer core sequences which are common in a is then cloned into the Bal I site of pCEP linked to the CAT 

wide range of APR associated gene sequences. Kaling et al, gene. Using this approach, substitutions will be created in 

"Liver-Specific Gene Expression: A-Activator-Binding Site, the conserved CCATT, TTGGACA, and TTGGAAC 

a Promoter Module Present in Vitellogen and Acute-Phase 5 sequences of the promoter. 

Genes," Mol. Cell. Biol., vol. 11, pp. 93-101 (1991). Electroporation will be performed as described earlier, 

Conserved APR sequences for other molecules were and enzyme production will be screened by SDS-PAGE and 

compared to Xanthopoulas' published sequence for the Western blot analysis with rabbit anti-CAT. The intact 

native cecropin. Xanthopoulas et al., "The structure of the cecropin gene (including the unaltered promoter) will be run 

gene for cecropin B, an antibacterial immune protein from 10 simultaneously in all assays for comparison. Identification 

Hyalophora cecropia, " Eur. J. Biochem., vol. 172, pp. of the antibacterial substance as cecropin B, and its local- 

371-376 (1988) Though not described by Xanthopoulos et ization within FDD cells and on their surface, will be 

al., several sequences were found corresponding to con- accomplished using rabbit anti-cecropin B polyclonal anti- 

served sequences for other APR's. The first conserved bodies with an indirect fluorescent antibody procedure, 
sequence found was in the 3' untranslated region — 15 The intact cecropin B gene and the neo-CAT gene in 

TTATTTAT— found at positions 814-821 and at 972-979, pCEP will be run concurrently in the following experiments 

and found again at position 848-855 with only one base to probe the means of expression. Cecropin- and neo-CAT- 

substitution. The conserved sequence ATTTA corresponding producing FDD cells will be prepared as described above 

to unstable mRNA is found in the 3' untranslated region a using the bacterial, LPS, or IL-1 challenge method. Cells 

total of six times. In the 5' untranslated region of the 20 positive for cecropin and neo-CAT will be rinsed with PBS 

cecropin gene, the sequence TGGRAA is found twice with and cultured in MEM containing antibiotics. The positive 

one base substitution in each sequence, but whether this clones will be passaged three times to insure that no 

sequence is functional remains to be determined. A con- cecropin, CAT enzyme, or RNA's associated with their 

served sequence corresponding to the CCATT box and to the production are left in the cells. After each third passage 

enhancer core is found two times in the 5' untranslated 25 forms a monolayer, the cells will be split into two groups; 

region of the gene. With the benefit of hindsight, these one group will be challenged with bacteria in PBS, and the 

homologies make plausible our discovery that the native second group will receive a PBS treatment without bacteria, 

cecropin B promoter and peptide gene respond to at least After a 24-hour incubation, the RNA from both groups will 

some vertebrate APR inducers to elicit expression in verte- be harvested as described by the method of Ausubel et al, 

brate cells. 30 Current Protocols in Molecular Biology, vols. 1 and 2 

It is believed (without wishing to be bound by this theory) (1991), as described above, 
that an as-yet-unidentified cytokine is responsible for elic- The mRNA is then used for PCR amplification using the 
iting both cecropin production and secretion. Unpublished semi-quantitative protocol previously described, using prim- 
data from our laboratory suggests that cecropin is produced ers to the pre-cecropin and CAT gene sequences. If, as 
in the moth in response to the presence of a cytokine, 35 expected, cecropin and CAT expression is induced, then 
Injection of the pupal stage of the giant silkworm moth with only cells exposed to the bacteria or cytokine will yield 
either E. coli or E. coli LPS (lipopolysaccharide or positive results for the mRNA. If, however, either protein is 
endotoxin), or with human recombinant interleukin-1 constitutively produced, then both the negative controls and 
resulted in hypertrophic changes in the fat body of the the "induced" cells will demonstrate a positive response for 
pupae, and in elevated levels of cecropin in the hemolymph. 40 mRNA; and if this is the case the quantitative portion of this 
Without wishing to be bound by this theory, it is believed experiment will determine whether the levels increase in 
that a cytokine or similar inducing agent is responsible for response to the inducing agent. 

inducing expression of the gene in vertebrate cells as well To understand how the cell is induced to produce 

when the native moth promoter is used to control the gene. cecropin, responses to various agents will be measured. The 

The Cecropin Promoter 45 same experiments will be conducted on cells containing 

The function of the cecropin promoter will be studied by vectors in which the cecropin promoter has been altered. In 

inserting the neo-CAT gene (chloramphenicol acetyl the unlikely event that the cecropin promoter is determined 

transferase, a reporter gene) under its control in place of the not to be the promoter responsible for cecropin production, 

lytic peptide gene. Transformed cells will be screened by then the primers made to the cecropin and/or CAT genes will 

assaying for CAT enzyme activity. The neo-CAT gene was 50 be used to sequence into the FDD genome to identify and 

chosen because it will allow pre-selection of FDD cells characterize the active promoter. Purified LPS (Sigma 

containing the CAT gene by selecting in the presence of Chemical) will be added to cells negative for cecropin 

neomycin. Once a transformed cell line with the CAT gene production; the supernatant will be collected; and the LPS 

is established, cecropin promoter activity will be studied by will be removed with neutralizing antibody (anti-LPS). Four 

altering the promoter with point and/or deletion mutations in 55 groups of cells will then be exposed to different inducing 

the conserved promoter binding sequences, and assaying for agents: (1) LPS-induced-cell supernatant treated with anti- 

altered CAT expression. The neo-CAT gene will be digested LPS and polymyxin B to remove LPS; (2) IL-1 added to the 

from the vector pMAMneo-CAT (Clontech, Palo Alto, FDD cells; (3) FDD cells induced with whole bacteria; and 

Calif.) and inserted into the Sal I site of pCEP to replace the (4) FDD cells receiving a PBS placebo as a control. The 

cecropin peptide gene. The conserved 5' APR signals in the 60 supernatant will be collected from each group and split into 

cecropin promoter will be altered by oligo-directed two groups: half of the supernatant will be used to determine 

mutagenesis as described by Zoler et al., Methods Enzymol., cecropin activity on E. coli or CAT activity, and the other 

vol. 100, pp. 468-500(1983). Briefly, ssDNA from construct half will be quantitated for the amount of cecropin or CAT 

5'A-94 will be used as a template for the in vitro synthesis production using a polyclonal anti-cecropin or anti-CAT. 

of the complementary strand The mutations are designed to 65 Some of the supernatant from the LPS-induced group and 

insert into a Bal I restriction cite. A set of synthetic oligo- the IL-1 -induced group will be treated with anti-IL-1 and 

nucleotides carrying the base substitution(s) are used as used to challenge cecropin-producing cells. Cecropin or 
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CAT production will be measured using the bacterial assay 
and the polyclonal antibody to cecropin or CAT. 

If LPS alone is responsible for inducing cecropin 
expression, then only the LPS and bacteria-induced FDD 
cells should show a positive cecropin or CAT response. If 
IL-1 is responsible for induction, then all of the cells except 
the control should show a positive response, and this 
response should be neutralized with anti-IL-1, which would 
then yield a negative result for cecropin or CAT when the 
supernatant is used to induce FDD cells. Other cytokines 
(e.g., IL-6, TNF (Biogen), IL-2 (Bioferon), and purified 
y-IFN (Bioferon)) will be assayed in a similar fashion. 

Other Promoters 

Promoters other than the native cecropin promoter are 
suitable for use in the present invention. Such promoters 
include other native promoters for native lytic peptides, and 
other native promoters that are responsive to APR inducers. 
The identification and isolation of such promoters is within 
the ability of one of ordinary skill in the art, given the 
teachings of the present specification, including particularly 
the following discussion. 

Where such promoters are not already identified in the 
literature, they may be identified as follows. With a lytic 
peptide, the DNA upstream from the coding region of the 
gene may be sequenced, and the portion comprising the 
promoter identified through standard means, by searching 
for conserved sequences that are typical of promoters. 

APR inducers, such as IL-1, IL-2, IL-6, C-reactive 
protein, LPS binding protein, lymphotoxin, granulocyte- 
macrophage colony stimulating factors, fibronectin, 
interferons, and tumor necrosis factor, induce other genes as 
well. Genes induced by an APR inducer may be identified 
through means known in the art, including isolation of the 
proteins thus translated, or identification of induced 
mRNA's through subtractive hybridization. Where the pro- 
tein is isolated, through means known in the art: it may be 
partially sequenced; a probe for a genomic library or 
(preferably) for an appropriate cDNA library may be pre- 
pared; and the cloned gene may then be sequenced, includ- 
ing its promoter region. 

Construction of Plasmid pCEP, and Transfection of E. coli 
with pCEP 

The plasmid pCEP is a pBR322 derivative that carries the 
gene for ampicilh'n resistance and the ColEl origin of 
replication, but in which a segment from base pair 105 to 
base pair 2345 has been deleted to streamline the plasmid, 
to allow incorporation of the native cecropin promoter and 
gene, or other gene of interest. The cecropin gene segment 
is the 5.9 Kb fragment isolated from the vector pMON 200 
by a restriction digest with EcoR I and Xho I. Both ends 
were filled to create a blunt-ended fragment, as were the 
ends of the pBR322 plasmid. 

The native cecropin gene was ligated into the modified 
pBR322 vector to give a construct of 9.3 Kb, using a 
modification of Ausubel et al., Current Protocols in Molecu- 
lar Biology, vols. 1 and 2 (1991); and Sambrook et al., 
Molecular Cloning, A Laboratory Manual, 2 nd ed. (1989). 
The modification, discussed further below, increases the 
chance of blunt-end fragment insertion into the plasmid. The 
resulting recombinant plasmid, designated pCEP, was then 
electroporated into Escherichia coli NM554 (Stratagene, La 
Jolla, Calif.) using a BioRad Gene Pulser™ electroporator, 
under conditions described by the manufacturer for E. coli. 
Electroporated bacteria were plated onto Brain-Heart Infu- 
sion (BHI) agar containing 50 /<L/ml of ampicilh'n, and 
incubated at 37° C. overnight. Because the ptac promoter is 
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not read unless induced, the potentially lethal lytic peptide 
gene may be maintained in E. coli without the danger that 
the peptide will kill the E. coli. 

It is preferred that the promoter controlling the transcrip- 

5 tion of the transposase be inducible, so that the transposase 
gene is not transcribed until an inducing stimulus (e.g., IPTG 
for the ptac promoter) is supplied. However, it would also be 
possible to use a constitutive promoter for the transposase, 
particularly a promoter that is inactive in E. coli or other 

10 prokaryotic host, but that is expressed constitutively in a 
eukaryotic cell. The vector would be lost or diluted follow- 
ing a number of cell divisions, so that continuing transpo- 
sitions of the inserted segment should not occur. 

Colonies growing on the BHI/ampicillin plates were 
subcultured in BHI/ampicillin broth for plasmid screening 
(Qiagen, Chatsworth, Calif.) and freezing at -70° C. Plas- 
mid preparations of the isolates were examined by agarose 
gel electrophoresis. A 1% gel was electrophoresed for 4 
hours at 4 V/cm, stained with 0.4 fig/ml ethidium bromide 
for 10 min., and destained in distilled water for 30 min. A 

20 supercoiled plasmid DNA ladder (Sigma Chemical) was 
used as a DNA size reference; bands corresponding to -9.3 
Kb were removed from the agarose and purified using the 
Eluquick™ DNA Purification Kit protocol. Purified plasmid 
DNA was then electroporated back into competent E. coli 

25 NM554 and selected on BHI/ampicillin plates. Because E. 
coli NM554 is a plasmid-less strain, this additional 
purification-electroporation step insured that there was only 
one plasmid type per cell by eliminating pBR322— pBR322 
self-ligated dimers. 

30 Confirmation of the pCEP plasmid was obtained by 
growing E. coli NM554 on BHI/ampicillin plates; making 
plasmid preparations; making restriction digests with BamH 
I to yield two fragments of 2.3 and 7.0 Kb; and Southern 
blotting of the restriction digest under very stringent con- 

35 ditions using the cecropin gene isolated from pMON 200 as 
a probe. 

A sample of this transformed E. coli strain NM554 
containing plasmid pCEP with the cecropin gene was depos- 
ited with the American Type Culture Collection (ATCC), 

40 12301 Parklawn Drive, Rockville, Md. 20852 on Jun. 30, 
1993, and was assigned ATCC Accession No. 69342. This 
deposit was made pursuant to a contract between ATCC and 
the assignee of this patent application, Board of Supervisors 
of Louisiana State University and Agricultural and Mechani- 

45 cal College. The contract with ATCC provides for the 
permanent and unrestricted availability of the progeny of 
this E. coli strain to the public on the issuance of the U.S. 
patent describing and identifying the deposit or the publi- 
cation or the laying open to the public of any U.S. or foreign 

50 patent application, whichever comes first, and for availabil- 
ity of the progeny of this E. coli strain to one determined by 
the U.S. Commissioner of Patents and Trademarks to be 
entitled thereto under pertinent statutes and regulations. The 
assignee of the present application has agreed that if the E. 

55 coli strain on deposit should die or be lost or destroyed when 
cultivated under suitable conditions, it will be promptly 
replaced on notification with a viable culture of the same E. 
coli strain. As the term is used in the claims below, it should 
be understood that the "pCEP" plasmid encompasses not 

60 only the specific plasmid included in this ATCC deposit, but 
also any plasmid that is substantially identical to that 
plasmid, with the specific exception that the gene placed 
under the control of the cecropin promoter may vary; it is 
intended that the term "pCEP" plasmid should encompass 

65 any such plasmid, regardless of the specific DNA inserted. 
After confirmation of the pCEP plasmid was completed, 
a large scale plasmid isolation was performed. A 250 ml 
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culture of the transformed E. coli was grown in BHI/ using 10 10 cells with 5 /<L of sterile, distilled H 2 0. Each 

ampicillin broth on a rotary shaker at 37° C. until an electroporation mixture was immediately placed in 1 ml of 

absorbance at 600 nm of A 600 =0.4 was obtained, at which BHI (Brain Heart Infusion, Difco Inc.) broth at 37° C. for 

time chloramphenicol was added to give a final concentra- one hour to recover, and to begin expression of the ampi- 

tion of 180 /ig/ml before amplifying the plasmid. Shaking 5 cillin resistance marker. After the one-hour recovery period, 

was continued overnight. After 24 hours, the pCEP DNA 200 juL of each mixture was applied to an agar plate using 

was harvested using the Qiagen plasmid isolation protocol the spread plate technique to cover the entire plate. E. coli 

(Qiagen, Chatsworth, Calif.) and column to obtain pure, receiving the ligated pCEP plasmid were plated onto BHI 

high quantity (0.7 ftg/fiL) plasmid DNA. A restriction digest agar plates supplemented with 100 fig/ml of ampicillin, 

using Pst I was conducted on 20 fig of the pCEP DNA to 10 while the£. coli receiving the distilled H 2 0 were plated both 

linearize the DNA prior to electroporation into a mammalian on BHI agar plates with ampicillin, and on BHI agar plates 

cell line as described above. The enzyme Pst I was chosen without ampicillin as controls. All plates were incubated 

because it linearizes the plasmid without cutting the overnight at 37° C. All colonies growing on the BHI/ 

cecroDin eene ampicillin agar plates were then grown in BHI/ampicillin 

1 " B broth, and frozen at -70° C. 



The pCEP plasmid itself was constructed as follows. 
Plasmid pNK2859 containing TnlO derivative 103 (obtained 



Each colony was also screened for the presence of a 



« v^ T « 7^ P lasmid of approximately 9.391 Kb: 5.99 Kb from the 

from Dr. Nancy Kleckner, Department of Biochemistry and I a PP ^ 3 m Kfa from yector DNA 

Molecular Biology, Harvard University; see Kleckner et al., wh J ^ ndida F tes were identified , the tential 

"Uses of Transposons with Emphasis on TnlO, pp. pC EP-bearin g E. coli were propagated in a 100 ml culture of 

139-180 in Miller (ed.), Methods m Enzymology, vol. 204 20 BHI/ampicillin broth grown to an absorbance of A 600 =0.4, at 

(1991)) was digested with the enzyme BamH I. This diges- which time chloramphenicol was added to a final concen- 

tion had the effect of removing the kanamycin antibiotic u- at j on D f nfj/ig/ml. The cultures were allowed to continue 

resistance marker from the transposon, but leaving the shaking overnight at 37° C. for plasmid replication. The 

insertion sequences flanking the kanamycin resistance gene pCEP DNA was then harvested using a modified version of 

intact. The digest resulted in two bands approximately 3.2 2 5 the Qiagen (Qiagen, Chatsworth, Calif.) protocol. Insertion 

Kb and 1.6 Kb in size. A double digestion was performed on of the cecropin B gene was confirmed using Southern blot 

the pMON 200 vector with the enzymes EcoR I and Xho I, analysis, with labelled cecropin gene as a probe. The noniso- 

yielding fragments of approximately 6 Kb and 9.7 Kb. These topic Genius 1™ nonradioactive DNA labelling and detec- 

two enzymes remove the native cecropin B gene intact from tion Kit (Boehringer Mannheim) was used to perform the 

the pMON 200 vector in the 6 Kb fragment. The resulting 30 Southern analysis, and each step was conducted under 

fragments from the two digests were separated by agarose stringent hybridization conditions. Isolates positive for the 

gel electrophoresis on a 1% gel run at 40 V for four hours. cecropin insert were then tested for the production of 

The 3.2 Kb fragment from the transposon vector, and the 6 cecropin B as described above. 

Kb fragment from the pMON 200 vector were excised from Other constructs will also be made. The first of these 

the gels, and each was separated from the agarose using the 35 constructs is a streamlined native cecropin promoter- 

Eluquick™ DNA Purification Kit (Schleicher and Schuell, cecropin B peptide vector. The gene sequence obtained from 

Keene, N.H.). This method minimized DNA shearing, and the pMON 200 vector is rather cumbersome to work with, 

allowed efficient recovery of the desired fragments. in that it is 6 Kb long. Using the published sequence and 

The purified DNA fragments did not have complimentary restriction map of cecropin B (Xanthopoulas et al., "The 

ends, so a blunt-end ligation protocol was designed, based 40 structure of the gene for cecropin B, an antibacterial immune 

on modifications of Ausubel et al., Current Protocols in protein from Hyalophora cecropia, " Eur. J. Biochem., vol. 

Molecular Biology, vols. 1 and 2 (1991); and Sambrook et 172, pp. 371-376 (1988)) a construct will be made that 

al., Molecular Cloning, A Laboratory Manual, 2 nd ed. includes the entire gene, and that is about 3.1 Kb, about half 

(1989). Briefly, blunt end fragments were created using the size of the 6 Kb sequence. DNA from the pMON 200 

Klenow fragment and dNTP's (final concentration of 0.5 45 vector will be partially digested with EcoR I and BamH I. 

mM) at an incubation temperature of 30° C. for 15 min, The fragments will be separated on an agarose gel, and 

followed by deactivation at 75° C. for 10 min. Both the purified with the Eluquick™ DNA Purification Kit protocol 

cecropin fragment and the transposon vector fragment were described above. These fragments will then be cloned into a 

extracted in phenolxhloroform; precipitated in isopropanol; pBR322derived plasmid with polylinkers with either EcoR 

and resuspended in 10 fiL of TE buffer (10 mM Tris, 5 mM 50 I- or BamH I -complementary ends to the digested fragment 

EDTA, pH 8.0). The cecropin fragment was then ligated to insure proper orientation in the construct, 

onto the transposon vector fragment using T4 DNA ligase Streamlining the cecropin insert will allow easier removal 

and 40% PEG (polyethylene glycol) according to Sambrook of the gene encoding the native peptide, to facilitate replace- 

et al., Molecular Cloning, A Laboratory Manual, 2 nd ed. ment with a gene encoding a synthetic peptide such as Shiva 

(1989). PEG was used to enhance the ligation of blunt-ended 55 I. If needed, another promoter can be substituted for the 

fragments, and to minimize the formation of concatemers of native cecropin promoter through means known in the art. At 

the same DNA. this time, however, the native cecropin promoter is pre- 

The ligation mixture was incubated overnight at 20° C. ferred. 

The following day DNA was extracted in phenol xhloro- Creating a smaller delivery vehicle for the cecropin gene 

form; precipitated in isopropanol; and resuspended in 10 /iL 60 will also aid in sequencing the gene in a host cell using 

of sterile, distilled H 2 0. E. coli NM554 (Stratagene, La nucleic acid amplification techniques such as the polymerase 

Jolla, Calif.) was made competent for electroporation using chain reaction ("PCR") Primers can be synthesized that will 

the protocol of BioRad, Inc (BioRad Laboratories, Hercules, amplify internal segments of the cecropin gene, or segments 

Calif.). Electroporation was conducted at 1.65 KV, 200 Q, extending into the host genome, to determine both the 

and 25 fi¥ using 10 10 cells of competent E. coli. Two 65 orientation and location of the gene in the host chromosome, 

electroporations were performed: (1) 10 10 cells with 5/<Lof A smaller fragment will enable sequencing with less time 

the ligated cecropin/vector DNA, and (2) a negative control and expense. 
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ANOTHER EXAMPLE 
Disease-Resistant Catfish 

Catfish farming has rapidly become a major agricultural 
industry in the southeastern United States, particularly in 
Alabama, Louisiana, Mississippi, Arkansas, and South 
Carolina. A major factor limiting the economic success and 
future growth of the catfish industry is disease. Bacterial 
disease is the primary cause of mortality in commercially- 
reared channel catfish (Ictalurus punctatus), accounting for 
57.5% of 9575 total cases examined from 1987 to 1989 by 
diagnostic labs in Alabama, Mississippi, and Louisiana. 
Infectious diseases cause an estimated 10% annual mortality 
in an industry where each 1% loss to disease translates to 
about a 5.5% loss of profits. The catfish industry could be 
greatly enhanced if this 55% loss of profits could be reduced. 

Vaccination is one possible mechanism for reducing dis- 
ease caused by bacterial or other pathogens. Of the major 
bacterial diseases associated with commercially-raised 
channel catfish, Edwardsiella ictaluri is the leading cause of 
mortality, followed by Cytophaga columnaris and Aeromo- 
nas sp. E. ictaluri alone accounts for approximately 50% of 
the catfish disease cases submitted to aquatic animal diag- 
nostic laboratories in the southeastern United States. Some 
progress has been made in live attenuated vaccine construc- 
tion for£. ictaluri and A. hydrophila. Though a marketable 
vaccine may be available in the near future for E.ictaluri, a 
vaccine for A. hydrophila is many years away, and a live 
attenuated vaccine for C. columnaris may never be feasible 
due to the difficulty in obtaining viable, stable mutants 
capable of eliciting an immune response. There remains an 
unfilled need for improved, inexpensive methods of com- 
batting bacterial and other disease in catfish. 

An alternative to creating a vaccine for each pathogen 
plaguing the catfish industry is to create a transgenic strain 
of catfish having lymphocytes capable of destroying invad- 
ing organisms before the disease process is established. 
Toward this end, we have transformed catfish eggs with the 
cecropin B gene, using the novel transposon -based pCEP 
vector. 

Plasmid pCEPwas replicated in large quantities by ampli- 
fication in E. coli strain NM554. (The same plasmid in the 
same E. coli strain as was deposited with the American Type 
Culture Collection under accession number ATCC 69342.) 
Plasmid DNA from the amplified E. coli cultures was 
harvested with Qiagen Maxi-Columns (Qiagen Inc., 
Chatsworth, Calif.) using the manufacturer's recommended 
protocol. This procedure typically yielded 500-800 jiglmX of 
plasmid DNA from 250 ml broth culture. Purified pCEP 
DNA was linearized by Pst 1 restriction endonuclease diges- 
tion for 2 hours at 37° C. The reaction was stopped by the 
addition of 3 fA of 0.5 M EDTA, and holding at 70° C. for 
10 min. The DNA was purified by phenolxhloroform extrac- 
tion and isopropanol precipitation. Linearized DNA was 
resuspended to a concentration of 100 /*g/ml in Hanks' 
balanced salt solution (HBSS), and was stored at 4° C. until 
it was used in electroporation. 

Two healthy, mature, male channel catfish from a research 
stock maintained at Louisiana State University, Baton 
Rouge, La. were killed, and their testes were removed as a 
source for spermatozoa. Adherent tissue was dissected away, 
and the testes were blotted, dried, and weighed. Two grams 
of anterior testis from each fish were placed in a plastic bag, 
and were dissociated by crushing. The spermatozoa were 
suspended in 10 ml of HBSS, and were stored at 4° C. until 
used. 
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Five pairs of healthy, mature (2-4 kg, 50-80 cm long) 
channel catfish from a research stock maintained at Louisi- 
ana State University, Baton Rouge, La. were spawned using 
standard procedures. Female channel catfish were injected 

5 with a luteinizing hormone-releasing hormone analog, 
D-Ala 6 Des Gly 10 LH-RH-ethyl amide (Peninsula 
Laboratories, Belmont, Calif.), at a dose of 100 fig/kg, and 
were paired with male channel catfish in 80 liter aquaria 
supplied with aerated, flow-through well water. The fish 

10 were monitored for spawning behavior. Once egg release 
had begun, the females were removed from the aquaria, 
anesthetized in 0.02% tricaine methanesulfonate, rinsed, and 
dried. Eggs were stripped by application of pressure along 
the abdomen. 

15 Before fertilization, eggs were electroporated with the 
linearized pCEP DNA using a BioRad Gene Pulser™ elec- 
troporator (Richmond, Calif.). Eggs were rinsed in Hank's 
buffer and placed in a specially designed cuvette with 3 ml 
of DNA solution. Approximately 500 channel catfish eggs 

20 per treatment were placed in a silicon-coated electroporation 
chamber (6 cmx6 cmx6 cm). Eggs were either sham- 
electroporated (control), or were electroporated with 100 
fig/ml of linearized pCEP plasmid DNA containing the 
cecropin gene. The field strength for the electroporation was 

25 125 V/cm, with 200 Q resistance, and 1 /iF capacitance, with 
each treatment receiving either 1 or 3 pulses with a time 
constant of 7-10 msec, at a pulse interval of 1 sec. 

The DNA solution was then removed, the eggs were 
rinsed in HBSS, and the electroporated eggs were then 

30 fertilized with the previously harvested spermatozoa using 
standard techniques. The eggs were allowed to water-harden 
for approximately 15 minutes. Once water-hardened, 
zygotes were treated with a pH-buffered 1.5% sodium sulfite 
solution to remove the gelatinous mass, and to inhibit 

35 possible fungal colonization. The sodium sulfite solution 
was then decanted from the zygotes, followed by a water 
rinse to remove excess sodium sulfite. Zygotes were then 
placed in hatching jars in a recirculating raceway with 
aeration, where they were maintained until hatching. 

Five days after hatching, fish fry produced from different 
females and treatments were pooled into two groups: fish 
that had been electroporated with pCEP DNA, and fish that 
had been electroporated without exogenous DNA. Thirty- 

4S nine potentially transgenic fish, and forty-three sham- 
electroporated controls were acclimated for two weeks at 
27° C. in 95-liter aquaria equipped with both under-gravel 
and outside filtration. 
Six-week-old fry were then challenged with a high dose, 

50 8x10 s cfu/ml (final concentration), of a known virulent 
strain of E. ictaluri by adding the culture to the water. The 
fry were allowed to swim in the inoculum for 2 hours with 
aeration, but no filtration. No subsequent water exchanges 
were conducted, although normal filtration resumed after 

55 two hours. Fish were observed three times daily for signs of 
the enteric septicemia typically caused by E. ictaluri. The 
posterior kidneys of dead or moribund fish were dissociated 
and used to establish cultures on 5% sheep blood agar plates 
The plates were incubated at 30° C, and the resulting 

so colonies were screened by biochemical analysis and agarose 
gel electrophoresis to confirm the presence of E. ictaluri in 
the dead and moribund fish. 

Transformed channel catfish were grown to approxi- 
mately 15 cm in length, and blood samples were collected 

65 for assay by the polymerase chain reaction (PCR). Samples 
of genomic DNA were extracted both from the potentially 
transgenic channel catfish, and from the blood of control 
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sham-electroporated catfish by the guanidine hydrochloride (60.4% mortality). The potentially transgenic fish did not 

method. Normal channel catfish DNA was also spiked with show signs of septicemia or mortality until day 30. By day 

cecropin DNA as a positive control. To demonstrate that the 33, thirteen of thirty-nine (33% mortality) of the potentially 

PCR procedures were working in samples that were negative transgenic fish were dead. Compared to the control, mortal- 

for the cecropin gene, as an additional positive control we s j ty i n the experimental group was substantially lower, and 

used primers targeted to the C H * exon from the channel occurred substantially later. The mortality among the experi- 

catfish gene encoding the constant region of the immuno- mental group ^ attributed to toxic shock from the abnor- 

globulin ft heavy chain. The PCR reactions were set up as mally high eventrations of £ ictaluri used in this experi- 

follows: 10 jM dNTP's, lx Taq buffer, 5 units of Taq ment Future experiments are planned at lower 

polymerase, 1% DMSO, 2 mM MgS0 4 , 0.26 fM of each 10 concentrations of pathogen to test this hypothesis. The 

PCR primer, and sterile distilled water to 100 pL Two survivors from this experiment were used in the PCR 

primers, AGACTTGACTCCGCTGCATAAGTG (SEQ ID experiments to detect presence or absence of the cecropin 

NO. 1) and TACCGTTTCTGATGTTGCGACC (SEQ ID gene 

NO. 2), were designed to amplify an 846 bp segment from ^ ^ NOS. 1 and 

the genormc cecropin DNA. (These two primers do not 1S pcR ^ ^ * £ fy an 8 V bp fragment from 

anneal to cecropm cDNA.) The reaction conditions were 95 ' r . L_ 3 . , , . j . ,• 

„ r „ . 4 j , ' , A . i<r i tne genomic cecropin gene. The values calculated by linear 

C. for 2 mm to denature the template, followed by 35 cycles & . , , K 4l f ... . . 

a t ii nro/, r 0 A «op f ,„ regression for both the positive control and the positive 

programmed as follows: 95 C. for 30 sec, 52 C. for 30 sec, , °, - , . 4 _ T. , oinu 

r ,% 00 r> f £ n Aft nr-n ,u ~ i bands for the channel catfish on the agarose gel were 820 bp, 

and 72 C. for 60 sec. After PCR, the samples were .... ,. c . , . .• n . 

i i_ jr-^L . /rmr/ • in/ i within limits of experimental error. Of 18 potentially trans- 

electrophoresed for 2 hours at 6.0 V/cm in a 2% agarose gel ?n . 4 „ , r , c 4 . J . „ 

4 . . „ _ , . ., ... , ., „. , 20 genie catfish assayed for the presence of the cecropin B 

containing 0.3 ug/ml ethidium bromide. Size marker b n , , , , . 4 . r ...... .-, 

<DX174, digested with Haelll (Sigma Chemical Co., St. S ene > 9 f ° r *9*> y« lded P° sit "? bands for that gene while 

T . ' ° . 4 . rfivr a • f Vu none °f 'he 10 negative control fish assayed to date had such 

Louis, Mo.), was used to generate DNA size references. The , , ... °. , 4 , .■' . 4 . 

, ' , & , „ . , 4 a band. All samples, both control and experimental, were 

banding patterns were observed on a Macro Vue ultraviolet , ,f ' , . . , , f. ,' 

transilluminator (Pharmacia LKB Biotechnology, 25 P OS ?. 1Ve , f ° r , tbe h ^ chain "oglobukn exon, demon- 

Piscataway, N.J.), and were photographed (Photoman PHH 25 Stratin S that the PCR P rocedure worked P™? 6 ^ 

Series, Hoefer Scientific Instruments, San Francisco, Calif.). ^ primers targeted to cecropm cDNA will yield a 135 

To determine whether the cecropin gene was transcribed, b ^ m ^ 1 Rowing PCR amplification The same primers 
mRNA was isolated and reverse-transcribed to cDNA for I* P , ^ whe ? ™ i° ^ g T, miC 
PCR analysis. To test the inducibility of the cecropin gene in 30 ' * e *?f ncc 1^1 ™ ^a*™ of an j n,ron ; Thes ^ 
response to an invading pathogen, blood samples were taken 6 £*>P an f ^ bp bands were m fact observed 
prior to challenge from channel catfish known to be positive following PCR amplification of genomic DNA an I cDNA, 
for the cecropin gene and from channel catfish that were respectively, from the challenged experimental fish. These 
siblings, but that had not received the transgene. Then to bands u ™ K "^"'^ al j the ™? ol 5> * cludln g 
induce cecropin production, all catfish (transgenic and 35 T,tf7^ " RNA / cD f NA from the bl ~ d 'f ^ 
controls) were challenged by intramuscular injection with tha, , later ^ P osl ' lve for ^^P 1 " ™RNA/cDNA after E. 
8x10 s irradiated E. ictaluri. Blood samples for mRNA lctalurl cha I e T n g e ' demonstra, " 1 g ' hat ^ascription of the 
isolation were taken 14 hours after the challenge. Blood was cecm ? m mRNA was induced ^ the P ath °g en ^Un- 
collected from the caudal vessel with a 3-ml syringe and a The data clearly demonstrated that the cecropin B gene 
22 gauge needle containing 150 fil ACD solution (Becton- 40 was stably inserted into the genome of channel catfish with 
Dickinson, vacutainer #6406) per ml of blood as an anti- the pCEP vector at high efficiency, and that the gene is 
coagulant. After samples were collected, they were imme- inductively expressed in response to an important catfish 
diately placed in 1-ml cryovials and placed in liquid nitrogen pathogen, Edwardsiella ictaluri. Experiments to detect 
until mRNA isolation. cecropin B mRNA from blood drawn from the same catfish 

The mRNA was isolated using the Oligotex™ RNA 45 wil1 be ^rmed using standard techniques known in the 

Isolation reagents and columns (Qiagen, Inc., Chatsworth, art < see > e g > lhe procedures described above to detect 

Calif.), and reverse-transcribed to cDNA using standard mRNA from FDD cells). These experiments are expected to 

methods. The polymerase chain reaction for the cDNA demonstrate the expression of the cecropin B gene in the 

samples was conducted as described above, except as oth- transformed catfish, 

erwise described in this paragraph. For the template DNA 50 purthptj pvampt 

a 5 ,«! aliquot of the cDNA was used. The primer sequences * UK 1 HtK tAAMiaji; > 

^^^^^^^7^^^ ^ Making Transgenic Bony Fish via Lipofection, with 

and ATCGCCGGTCCAGCCTTGACAATAC (SEQ ID NO. Catfish ^ Koi as Ex P em plary 

4) were designed to amplify a 135-bp fragment of the Embodiments 

cecropin cDNA. These two primers will also amplify a 55 

649-bp fragment of genomic cecropin DNA. As a control, A drawback to working with many species offish, includ- 

PCR on the plasmid vector was also run, yielding a 649-bp ing channel catfish, is the length of time required for the fish 

fragment. The annealing temperature was 54° C. for 30 sec. to reach sexual maturity — typically 3-4 years for channel 

The PCR products were electrophoresed on a 3% agarose catfish. When transgenic catfish are generated by electropo- 

gel for 2 hours at 6.0 V/cm, along with the <E>X174/Hae III 60 rating eggs as described above, a minimum of three years 

reference size markers. Samples were optimized with the must therefore elapse before the heritability of the transgene 

Invitrogen™ PCR Optimizer kit, using the manufacturer's can be established with certainty. While we have every 

protocol with 1 unit of Taq polymerase. reason to believe that the transgene will be transmitted to 

The control channel catfish challenged with E. ictaluri offspring, heritability cannot be established with certainty 

demonstrated symptoms of septicemia beginning 10 days 65 until actual offspring can be examined, 

after immersion challenge, and began dying on day 11. By Lipofection provides an alternative method of creating 

day 14, twenty-six of forty-three control fish were dead transgenic broodstock (probably mosaics), at least a portion 
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of whose gametes will contain the transgene. If lipofection 
is performed before the gonads recrudesce in spring (i.e., 
preferably in late winter), then natural spawning can take 
place, and the heritability of the transgene can be evaluated 
more quickly. In many applications, production of trans- 
genic fish by lipofection may also be more economical than 
electroporation. 

Lipofection uses a cationic lipid to deliver DNA to cells. 
The liposome is a unilamellar lipid membrane with both 
polar and nonpolar faces. When liposomes are mixed with 
DNA in aqueous solution, essentially all the DNA is encap- 
sulated by the polar side of the lipid membranes, leaving the 
nonpolar surface exposed to the exterior. The nonpolar 
surface later interacts and fuses with nonpolar cell mem- 
branes to deliver DNA into cells, whether the cells be in cell 
culture, or in vivo. 

As an initial demonstration of the lipofection technique, 
sexually immature catfish were used, because smaller fish 
are easier to handle than larger fish. Twenty specific patho- 
gen free channel catfish (catfish that had never been exposed 
to E. ictaluri) were obtained from the Aquatic Pathobiology 
Laboratory at the School of Veterinary Medicine, Louisiana 
State University, Baton Rouge, La. Five fish per treatment 
were acclimated at 26° C. for two weeks in 35 liter aquaria 
equipped with both under-gravel and outside filtration. Once 
acclimated, these fish were used for lipofection. 

Lipofectin™ reagent (Gibco BRL, Gaithersburg, Md.) 
was used per the manufacturer's instructions to encapsulate 
the linearized pCEP DNA. Briefly, 15 of Lipofectin™ 
reagent and 2.0 /ig of linearized pCEP DNA were mixed 
together, and then incubated for 15 min. Following 
incubation, the following intraperitoneal injections were 
made into the channel catfish: 

Group 1, 15 fiL Lipofectin ™/2.0/ig pCEP complex in 100 
,uL 0.85% NaCl solution +0.5 mL IPTG 

Group 2, 2.0 fig pCEP in 100 fiL 0.85% NaCl solution 
+0.5 mL IPTG 

Group 3, 2.0 fig pCEP in 100 fiL 0.85% NaCl solution 
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Group 4, 15 fiL Lipofectin™ in 100 fiL 0.85% NaCl 
solution 

Intraperitoneal injections were made because the gonads 
and hematopoietic organs are exposed to the cavity, giving 

5 the liposome/DNA complex direct access to the organs for 
fusion to occur. 

The fish were held for ten days, and then 0.1 mL blood in 
sodium citrate was withdrawn per fish from the caudal vein. 
DNA was extracted from the blood using the QiaAmp™ 

10 Blood Kit (Qiagen Inc., Chatsworth Calif.). PCR was con- 
ducted on each sample as described previously, using as 
primers SEQ ID NOS. 1 and 2, and the reaction products 
were electrophoresed on a 2% agarose gel. The pCEP vector 
DNA was used as a positive control in the PCR reactions. 

15 All 5 Group 1 fish tested positive for the cecropin B gene, 
while none of the fish from Groups 2, 3, and 4 tested 
positive. It is expected that the cecropin B gene was incor- 
porated into the gonads, and will be expressed in offspring 
Similar experiments will also be performed on sexually 

20 mature channel catfish, so that offspring may be tested more 
quickly. 

We have also performed a pCEP lipofection on two 
sexually mature male Koi, following the lipofection proce- 
dure described above. Testing is currently underway to 
25 confirm that the cecropin B gene can be detected in sperm 
from these lipofected Koi, and that the cecropin B gene will 
be appropriately expressed inductively in the offspring of 
these Koi. 

30 Miscellaneous 

The complete disclosures of all references cited in this 
specification are hereby incorporated by reference, as are the 
complete disclosures of the three priority applications Inter- 
35 national Application No. PCT/US94/07456, international 
filing date Jun. 30, 1994; U.S. patent application Ser. No. 
08/085,746, filed Jun. 30, 1993 abandoned; and U.S. patent 
application Ser. No. 08/084,879, filed Jun. 30, 1993 aban- 
doned. 



SEQUENCE LISTING 

(1) GENERAL INFORMATION: 

(iii) NUMBER OF SEQUENCES: 4 

(2) INFORMATION FOR SEQ ID NO:l: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 24 base pairs 

(B) TYPE : nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE I DNA (genomic) 
(iii) HYPOTHETICAL: NO 
(iv) ANTI-SENSE: NO 



SEQUENCE DESCRIPTION: SEQ ID NO:l: 
CCGCTGCATA AGTG 



(2) INFORMATION FOR SEQ ID NO:2: 

(i) SEQUENCE CHARACTERISTICS: 



5,998,698 



(A) LENGTH: 22 base pairs 



(ii) MOLECULE TYPE : DNA (genomic) 



(iv) ANTI-SENSE: NO 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:2: 
TACCGTTTCT GATGTTGCGA CC 



!) INFORMATION FC 

(i) SEQUENCE 

(A) LENGTH : 26 base pairs 

(B) TYPE: nucleic acid 

(D) TOPOLOGY: linear 
(ii) MOLECULE TYPE : DNA (genomic) 
(iii) HYPOTHETICAL: NO 



(xi) SEQUENCE DESCRIPTION: SEQ I 
TTTTCTTCGT GTTCGCTTTG GTTCTG 



(2) INFORMATION FOR SEQ ID NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(iii) HYPOTHETICAL: NO 
(iv) ANTI-SENSE: NO 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 4 
ATCGCCGGTC CAGCCTTGAC AATAC 



We claim: 

1. A transgenic catfish whose genome comprises a gene 
encoding cecropin B operably linked to the native cecropin 
B promoter, wherein said cecropin B promoter functions to 
direct expression of the cecropin B gene; and wherein the 
expression of said cecropin B gene imparts resistance to 
pathogenic bacteria. 

2. A transgenic koi whose genome comprises a gene 
encoding cecropin B operably linked to the native cecropin 
B promoter, wherein said cecropin B promoter functions to 
direct expression of the cecropin B gene; and wherein the 



expression of said cecropin B gene imparts resistance to 
pathogenic bacteria. 

3. A transgenic bony fish whose genome comprises a gene 
encoding cecropin B operably linked to the native cecropin 
B promoter, wherein said cecropin B promoter functions to 
direct expression of the cecropin B gene; and wherein the 
expression of said cecropin B gene imparts resistance to 
pathogenic bacteria. 
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A bp nt ( t cl ORF ends at k base position 37230) 
SEQ ID NO:1 

37814 TCC CCA TCT TGT CTG CGA CAG ATT CCT GGG ATA AGC CAA GTT CAT TTT TCT TTT 

37868 TTT CAT AAA TTG CTT TAA GGC GAC GTG CGT CCT CM GCT GCT CTT GTG TTA ATG 

cl start <r-\ 

37922 GTT TCT TTT TTG TGC TCAJac gtt goa t oTWocc qca oqq got ab a tat c tta 

°R2 °R1 P R promoter 5" mRNA 

37976 oca ccg tgc gtg ttg| act att fro cct ctg gcg gtg oto| otg gtt gcb tgt act 

| -> start Cro 

38030 8 aag gag gtt gtA TGG AAC AAC GCA TAA CCC TGA AAG ATT ATG CAA TGC GCT TTG 
38084 62 GGC AM. CCA AGA CAG CTA MG ATC TCG GCG TAT ATC AM GCG CGA TCA ACA AGG 
38138 116 CCA TTC ATG CAG GCC GM AGA TTT TTT TM CTA TM ACG CTG ATG GM GCG TTT 



[Alternative sequencing primer->l I PCR & 

38246 224 cc jc cgc tct toe oca ttc cog dp c tga aaa agg gca tea aat taa o jee aco cct 

sequencing primer -5H SD 
38300 atg gtg tat qfc a ttt att tgc ato cot tea otc aot tgt tat c jta ogg afr o tac 

|-» start cll 367 
38354 332 tta cat ATG GTT CGT GCA MC AM CGC MC GAG GCT CTA CGA ATC GAG AGT GCG 
SEQ ID N0:2Met Vol Arg Ala Asn Lys Arg Asn Glu Ala Leu Arg He Glu Ser Ala 
403 421 
38408 386 TTG CTT MC MA ATC GCA ATG CTT GGA ACT GAG MG ACA GCG GM GCT GTG GGC 
Leu Leu Asn Lys lie Ala Met Leu Gly Thr Glu Lys Thr Ala Glu Ala Val Gly 
457 475 
38462 440 GTT GAT MG TCG CAG ATC AGC AGG TGG MG AGG GAC TGG ATT CCA MG TTC TCA 
Val Asp Lys Ser Gin He Ser Arg Trp Lys Arg Asp Trp lie Pro Lys Phe Ser 
51J_ 529 
38516 494 ATG CTG CTT GCT GTT CTT GM TGG GGG GTC GTT GAC GAC GAC ATG GCT CGA TTG 
Met Leu Leu Ala Val Leu Glu Trp Gly Val Val Asp Asp Asp Met Ala Arg Leu 
565 583 
38570 548 GCG CGA CM GTT GCT GCG ATT CTC ACC MT AAA AM CGC CCG GCG GCA ACC GAG 
Ala Arg Gin Val Ala Ala lie Leu Thr Asn Lys Lys Arg Pro Ala Ala Thr Glu 
619_ end cll ->| 

38624 602 CGT TCT GM CM ATC CAG ATG GAG TTC TGA ggt cat toe tgg ate tat caa cog 

Arg Ser Glu Gin He Gin Met Glu Phe 

|-> start 0 <-PCR & sequencing primerl 

38678 656 gag tea ttAJGA CM ATA CAG CM m K TAC TCA ACT TCG GCA GAG gI tA ACT TTG 



FIG. 2 
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B 



SEQID NO:3 ell Primer 1 



AAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGCATTTATTTGCATACATTCAATCAATTGTT 

ATCTAAGGAMTACTTACATATGGTTCGTGCAAACAAACGCAACGAGGCTCTACGAATCGAGAGTGC 

GTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGACAGCGGAAGCTGTGGGCGTTGATAAGTC 

GCAGATCAGCAGGTGGAAGAGGGACTGGATTCCAAAGTTCTCAATGCTGCTTGCTGTTGTTGAATG 

GGGGGTCGTTGACGACGACATGGCTCGATTGGCGCGACAAGTTGCTGCGATTCTCACCAATAAAAA 

ACGCCCGGCGGCAACCGAGCGTTCTGAACAAATCCAGATGGGAGTTCTGAGGTCATTACTGGATCTA 

TCAACAGGAGTCATTATGACAAATACAGCAAAAATACTCAACTTCGG 



ell Primer 2 



Fig. 2 (continued) 
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BACTERIOPHAGE-BASED TRANSGENIC 
FISH FOR MUTATION DETECTION 

This application claims the benefit of U.S. Provisional 
Application No. 60,087,430, filed May 31, 1998. 

STATEMENT OF GOVERNMENT RIGHTS 

This invention was made with government support under 
a grant from the National Institutes of Health, Grant No. 
RR11733-01 . The U.S. Government has certain rights in this 



FIELD OF THE INVENTION 

This invention relates to a transgenic fish carrying a 
bacteriophage-derived transgene construct, and in particular 
relates to a transgenic fish for use in evaluating the effect of 
a potential mutagenic agent or event. The transgenic fish is 
exposed to the mutagenic agent or event, and mutagenesis is 
detected by assaying for a mutation target nucleic acid 
sequence present as a genomically integrated transgene in 
the transgenic fish. 

BACKGROUND OF THE INVENTION 

Thousands of chemicals are currently in commercial use 
in the USA, some of which pose significant health risk to 
humans. Among these toxicants are mutagens to which 
exposure is likely to cause genetic changes that lead to 
somatic or inherited diseases. In particular, cancer has been 
shown to result from a series of mutations in specific 
oncogenes and tumor suppressor genes (B. Vogelstein et al., 
N. Engl. J. Med. 319: 525-532 (1988)). Despite the recog- 
nition of the role of chemically-induced mutation as an 
important event leading to disease, few methods are avail- 
able for the assessment of genetic hazard, or focus on the 
study of gene mutations as they occur at the DNA level in 
vivo. As a result, there is an immediate need to develop 
sensitive and biologically relevant methods that can be 
applied to the study of the mechanisms of mutagenesis and 
hazard assessment. 

Until recently, progress in the analysis of gene mutations 
directly at the DNA level was limited by the standard 
molecular techniques and the available endogenous genes. 
During past years, the most relevant assays for induction of 
transmissible mutations have been based on the appearance 
of visible or biochemical mutations among the offspring of 
exposed mice (L. B. Russell et al., Mutation Res. 86: 
329-354 (1981); L. R. Valcovic et al., Environ. Health 
Perspect. 6:201-205 (1973); S. E. Lewis et al., Prog. Clin. 
Biol. Res. 209B. 359-365 1986)). These tests cannot be 
practically applied to large numbers of compounds because 
they require extensive resources and very large numbers of 
animals. The tests also fail to provide information regarding 
somatic mutagenesis or clustering of mutations, which may 
be important in the understanding of the development of 
various diseases. 

In order to circumvent some of the problems inherent in 
rodent assays, short-term mutagenicity tests were 
developed, based on the assumption that many of the chemi- 
cals toxic to rodents would also be genotoxic to bacteria. 
However, an analysis by the National Toxicology Program 
(R. W. Tennant et al., Science 236:933-941 1987)) revealed 
significant differences in results between rodent and bacte- 
rial tests. This failure of predictive correlation may be 
related to: 1) a lack of understanding of the roles mutation 
plays in cell transformation, and 2) differences between 
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animals and bacterial cells in terms of exposure, biological 
milieu, metabolism, replication and repair. While compari- 
sons between animals and animal cells in culture provide 
appropriate genomic similarity, there are few known bio- 
5 logical markers for mutation of cells in culture. The bio- 
logical markers that have been identified are restricted to 
specific cell types and therefore are of limited use for in vivo 
comparisons. 

There thus remains a need to combine the simplicity of 

10 short-term in vitro assays with in vivo studies. Ultimately, 
reliable and realistic hazard assessment and informative 
mechanistic studies of mutagenesis require the development 
of practical methods for evaluating somatic and genetic 
events in whole animals exposed to environmental agents. 

15 New approaches that use recombinant DNA and gene trans- 
fer techniques to develop transgenic animal models offer 
significant promise for in vivo studies of mutagenesis, 
cancer, birth defects and other diseases (T. L. Goldsworthy 
et al., Fund. Appl. Toxicol. 22:8-19 (1994)). To be effective, 

20 the transgenic approach as applied to mutagenesis should 
include the following components: 1) unique genes with 
known sequences; 2) a capacity to observe changes at the 
single copy level; 3) an easily attainable sample population 
of sufficient size to allow measurement of low frequency 

25 events; and 4) the ability to determine the exact nature of the 
mutation, independent of the host phenotype. 

Transgenic animal models have been developed. 
Typically, transgenic animals are produced by the transfer of 
novel DNA sequences into the animal's genome followed by 

30 transmission of the sequence to subsequent generations. The 
use of transgenic rodents that carry genes specifically 
designed for the quantitation of spontaneous and induced 
mutations is a major advancement in rapidly analyzing 
tissue-specific mutations in a whole organism following 

3S mutagenic agent exposure (J. C. Mirsalis et al., Ann. Rev. 
Pharmacol. Toxicol. 35:145-164 1995)). 

Mutagenesis assay systems that utilize transgenic animals 
typically rely on bacteriophage or plasmid shuttle vectors to 

w carry the mutation target. The basic principle in this 
approach is that a recombinant gene carrying a mutation 
target is introduced into the genome of a host animal using 
the shuttle vector. Following exposure to a mutagen, the 
target gene is recovered from the transgenic animal and 

45 serves as an indicator of mutagenesis (reviewed by R. B. 
Dubridge et al., Mutagenesis 3(l):l-9 (1988)). Two forms of 
bacteriophage shuttle vectors are most commonly in use. 
One is known as the H>X174 integrated shuttle vector. This 
vector is recovered from the transgenic host, transfected into 

50 a suitable E. coli host, and mutations at specific locations in 
the phage sequence are identified by suppressor-mediated 
selection on permissive and non-permissive E. coli (H. V. 
Mailing et al., Mutation Res. 212:11-21 (1989); R. N. Winn 
et al., Marine Environ. Res. 40(3):247-265 (1995)). 

55 Another useful mutagenesis detection system is based on 
a lambda (X) phage-based recombinant vector which com- 
bines cos site packaging for recovery of the phage sequence 
from the host DNA with the use of the lad or lacZ target 
gene for mutation detection (J. S. Lebkowski et al., Proc. 

60 Natl. Acad. Sci. 82:8606-8610 (1985); J. A. Gossen et al., 
Proc. Natl Acad. Sci. 86:7971-7975 (1989)). 

Mutation-induced inactivation of the lac genes is detected 
after recovery of the shuttle sequence from the transgenic 
host, typically via complementation assay in E. coli. See 

65 U.S. Pat. No. 5,589,155 (Sorge et al., Dec. 31, 1996); U.S. 
Pat. No. 5^47,075 (Sorge, Sep. 13, 1994); and U.S. Pat. No. 
5,510,099 (Short et al., Apr. 23, 1996), the texts of which are. 
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incorporated by reference, in their entireties, as if folly set 
forth herein. A mutation detection system based on the lacl 
gene as the mutation target, known by the tradename BIG 
BLUE, is commercially available from Stratagene Inc. (La 
Jolla, Calif.). The vector used in BIG BLUE mutagenesis 
detection system is known as XLIZ, and the genetic map of 
this vector is shown in FIG. 1. 

The XUZ vector contains an additional mutagenesis tar- 
get in the form of the ell region (see FIG. 1). Mutations in 
the ell gene and at certain related locations in the ell region 
can be detected by evaluating whether an E. coli host that 
has been infected with the shuttle sequence recovered from 
the transgenic host can multiply through the lytic or the 
lysogenic cycle (J. L. Jakubczak et al., Proc. Natl. Acad. Sci. 
U.SA., 93:9073-9078 (1996)). The commitment to either 
lysis or lysogeny made by lambda phage upon infection of 
an E. coli cell is regulated by a group of proteins, one of 
which is the product of the ell gene. Mutagenesis detection 
packaging and selection systems based upon the ell region 
as the mutation target sequence are commercially available 
from Stratagene Inc., La Jolla, Calif, (available under trade- 
name X SELECT-cII) and Epicentre Technologies, Madison, 
Wis. (available under the tradename MutaPlax ell-Select 
Packaging and Selection Kit). 

To date, the lambda (k) phage-based recombinant vectors 
disclosed in U.S. Pat. Nos. 5,589,155, 5,347,075, and 5,510, 
099; European Patent No. 0289121; and Japanese Patent No. 
2618973, each of which is incorporated herein in its entirety, 
have been used successfully for detection of mutagenic 
events only in selected mammalian cell lines, mice and rats. 
Alternative animal models are thus much needed. Fish as 
transgenic hosts are especially desirable because they are 
environmentally relevant models for health risk assessment 
of aquatic and marine systems. There is also increasing 
appreciation of their suitability for biomedical applications. 
The fish is an alternative, nonmammalian animal model that 
can be used to refine, reduce or replace traditional animal 
models used in research and testing. 

SUMMARY OF THE INVENTION 

The present invention provides a transgenic fish contain- 
ing a genomically integrated bacteriophage lambda-derived 
transgene construct. The invention further includes a trans- 
genic fish gamete, including a transgenic fish egg or sperm 
cell, a transgenic fish embryo, or other transgenic fish cell or 
cluster of cells, whether haploid, diploid, triploid, or other 
zygosity, which contain a genomically integrated bacte- 
riophage lambda-derived transgene construct. A transgene 
construct that is "bacteriophage lambda-derived" is a con- 
struct that is based on the bacteriophage lambda. Preferably, 
the bacteriophage lambda-derived transgene construct is 
genomically integrated into the fish's somatic and germ cells 
such that it is stable and inheritable. Progeny of a transgenic 
fish containing a genomically integrated bacteriophage 
lambda-derived transgene construct, and transgenic fish 
derived from a transgenic fish egg, sperm cell, embryo, or 
other cell containing a genomically integrated bacteriophage 
lambda-derived transgene construct, are also included in the 
invention. A fish is "derived from" a transgenic fish egg, 
sperm cell, embryo or other cell if the transgenic fish egg, 
sperm cell, embryo or other cell contributes DNA to the 
fish's genomic DNA. For example, a transgenic embryo of 
the invention can develop into a transgenic fish of the 
invention; a transgenic egg of the invention can be fertilized 
to create a transgenic embryo of the invention that develops 
into a transgenic fish of the invention; a transgenic sperm 
cell of the invention can be used to fertilize an egg to create 



a transgenic embryo of the invention that develops into a 
transgenic fish of the invention; and a transgenic cell of the 
invention can be used to clone a transgenic fish of the 
invention. In some preferred embodiments of the invention, 

5 the transgenic fish is sterile. 

The transgenic fish of the invention is preferably a teleost 
(boney) fish, but also includes a cartilagenous fish. 
Conveniently, the transgenic fish can be selected from 
among the well-known group of laboratory model fish which 

10 include medaka, zebrafish, mummichog, killifish, channel 
catfish, common carp and trout. In a particularly preferred 
embodiment, the transgenic fish is a medaka. 

Further, the present invention includes a cell line derived 
from a transgenic fish embryo or other transgenic fish cell of 
the invention, which contains a genomically integrated 
bacteriophage lambda-derived transgene construct. 

The bacteriophage lambda-derived transgene construct 
preferably comprises an excisable test nucleic acid sequence 

20 that contains at least one copy of an assayable mutation 
target nucleic acid sequence. The assayable mutation target 
nucleic acid sequence is heterologous with respect to the fish 
genome. Two or more different assayable mutation target 
nucleic acid sequences can optionally be present in the 

25 bacteriophage lambda-derived transgene construct. In a par- 
ticularly preferred embodiment, a mutation in the assayable 
mutation target nucleic acid sequence is detectable via 
bioassay in a bacterial cell, such as an£. coli cell, into which 
the assayable mutation target nucleic acid sequence has been 

30 introduced. In this regard, a transgenic fish of the invention 
that has a triploid genome is especially preferred because the 
larger amount of DNA in triploid genomes increases the 
efficiency of DNA recovery. An increase in the amount of 
DNA recovered has many advantages. For example, it 

35 allows for more efficient detection of the mutation target 
nucleic acid. Moreover, fish having a triploid genome are 
typically sterile, which may be desirable for certain appli- 
cations or studies. 

The assayable mutation target nucleic acid sequence 

40 preferably contains at least one nucleic acid sequence 
selected from the group consisting of the lacl gene, the lacZ 
gene, the lac promoter sequence, the ell gene, the ell mRNA 
ribosome binding site, and the ell protein-activated P^ 
promoter. 

45 The invention farther includes a genomically identical 
population of transgenic fish, each of whose somatic and 
germ cells contain a genomically integrated bacteriophage 
lambda-derived transgene construct. The genomically iden- 
tical population is a unisex population and can be male or 

50 female. Preferably, the genomically integrated bacterioph- 
age lambda-derived transgene construct present in the 
genomically identical population contains an excisable test 
nucleic acid sequence comprising at least one copy of one or 
more assayable mutation target nucleic acid sequences. 

55 Preferred embodiments of the genomically identical trans- 
genic fish population are essentially as described for the 
transgenic fish of the invention. In an alternative 
embodiment, the invention includes a population of trans- 
genic fish, i.e., an in-bred line, the members of which are not 

60 necessarily genomically identical but are homozygous with 
respect to the bacteriophage lambda-derived transgene con- 



BRIEF DESCRIPTION OF THE DRAWINGS 
65 FIG. 1 is a schematic diagram of the BIG BLUE XLIZ 
shuttle vector (-^15.5 kb) (Stratagene, Inc., La Jolla, Calif.); 
the expanded regions show (A) the area important for a 
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plaque-color-screening assay to detect mutations, which neomycin-resistance, and anti-freeze protein. However, 
contains lad, and (B) the area important for a selection assay numerous problems have been encountered in producing 
based upon mutation in the ell region. transgenic fish having stable, inheritable genomically inte- 
FIGS. 2A and 2B depict (A) the nucleotide sequence grated transgenes. For example, mosaicism is a common 
(SEQ ID NO:l) of the lambda ell gene and the surrounding 5 problem in the creation of transgenic fish. Mosaic organisms 
regions in the BIG BLUE XLIZ Shuttle Vector, as shown at do not contain the transgene in every somatic and germ cell, 
page 15 in the Instruction Manual for the X Select-cII and lnus mav not be capable of producing transgenic off- 
Mutation Detection System for Big Blue Rodents (Catalog spring. Mosiacism arises from fact that microinjection of 
#7210210, Revision #028001, Stratagene, La Jolla, Calif.), heterologous DNA into a fish embryo often delivers the 
and the amino acid sequence (SEQ ID NO:2) of the ell J ° heterologous DNA to the cytoplasm rather than the cell 
protein; and (B) the nucleotide sequence of the lambda ell nucleus. 

gene (SEQ ID NO:3) and location of primer binding sites, Despite the evolutionary distance between fish and 

taken from ell Primers Product Information Sheet (Cat. Nos. humans, there is increasing evidence for correlation between 

P67PL1, P67PL2, Epicentre Technologies, Madison, Wis.). environmentally-induced fish and human diseases. Fish can 

FIG. 3 is schematic diagram that illustrates selection 15 be ex P osed to different concentrations of known or sus- 

assays based on the mutations in the (A) ell region and the P ected toxicants and can provide fundamental information 

(B) lac region of the BIG BLUE XLIZ shuttle vector shown related 10 substance toxicity and carcinogenicity/ 

ju piQ i mutagenicity. The use of fish in carcinogenesis research, in 

particular, has received considerable attention related to the 

DETAILED DESCRIPTION OF THE 20 potential of fish for identifying and predicting human health 

INVENTION effects (W. F. Hawkins et al. Chapter 14 in G. M. Rand, ed., 

Host Organism Fundamentals of Aquatic Toxicology: Effects, Environmen- 

There are many advantages to the use of fish to detect tal Fate, and Risk Assessment, Taylor and Francis. 421-446 

mutagenic agents or events. Fish are easily handled, (1995); J. D. Hendricks, In L. J. Weber, ed., Aquatic 

manipulated, and observed without compromising natural 25 Toxicology, Raven Press, New York. 149-211 (1982); J. J. 

development, and present opportunities for studies on mul- Black, In J. Saxena, ed., Hazard Assessment of Chemicals: 

tiple exposure routes via aqueous media. They exhibit Current Developments, Vol. 3. Academic Press, New York, 

excellent agent-specific responses to a variety of toxicants. 181-232 (1984); C. D. Metcalfe, CRC Rev. Aquat. Sci. 

Teleost fish, also known as the modern boney fishes, con- 1:111-129 (1989)). The fact that many fish species appear to 

stitute the largest and most diverse division of vertebrates, 30 be sensitive to the carcinogenic effects of certain chemicals 

with over 20,000 known species. Their diversity and phy- while having low spontaneous rates of neoplasia supports 

logenetic positions make them ideal for comparative toxi- the use of fish in various assays as alternatives or supple- 

cological studies, which may allow more insight into basic ments to rodent chronic bioassays (G. D. Bailey et al., 

mechanisms than would studies limited to mammalian mod- Environ. Health Perspect. 71:147-153 (1987); T. Ishikawa 

els alone (D. A. Powers, Science 246:352-358 (1989)). 35 et al., J. Toxicol. Environ. Health 5:537-550 (1977); P. 

Certain teleost fish, commonly referred to as laboratory Masahito et al., Jpn. J Cancer Res. 79:545-555 (1988)). 

aquarium fish or laboratory model species, have been exten- The genetics, developmental biology and embryology of 

sively studied in research settings and are thus especially medaka (Oryzias latipes) are well-documented, and specific 

well-suited as transgenic hosts. Laboratory model species developmental stages have been extensively characterized 

include, but are not limited to, medaka (Oryzias latipes), 40 (T. O. Yamamoto, Medaka (killifish): Biology and Strains, 

zebrafish (Danio rerio), mummichog (Fundulus Keigaku Publishing Co., Tokyo, Japan. (1975)). Medaka is 

heteroclitus), killifish (Fundulus spp.), channel catfish typically used to study aspects of various diseases in which 

(Ictalurus punctatus), common carp (Cyprinus carpio) and large numbers of experimental organisms are required, such 

trout. Cartilagenous fish such as sharks and rays, also known as in low-dose risk assessment, as well as to examine factors 

as chondrichthyes fish, are also suitable transgenic host 45 that only slightly increase hazard exposure risk (W. W. 

organisms. Walker, W. E. Hawkins, R. M. Overstreet, and M. A. 

In addition to playing an important role in comparative Friedman, "A small fish model for assessing cancer risk at 
mutagenesis studies, it is anticipated that the transgenic fish low carcinogen concentrations," Toxicologist 302 (1992)). 
models may ultimately facilitate a broad range of exposure The use of medaka in biomedical research, especially as a 
regimens such as long-term low-dose chronic exposures, 50 carcinogenesis model related to the potential for identifying 
controlled field-based in situ exposures or large-scale and predicting human effects from toxicant exposure, has 
mesocosms, that were previously difficult or impossible to received considerable attention in recent years (W. E. Hawk- 
perform. Fish can be conveniently used for zygote-to-adult ins et al., Chapter 14 in G. M. Rand, ed., Fundamentals of 
exposure studies, and offer flexibility in study designs Aquatic Toxicology: Effects, Environmental Fate, and Risk 
related to numbers of exposure groups and exposure sched- 55 Assessment, Taylor and Francis. 421-446 (1995); J. D. 
ules. Hendricks, In L. J. Weber, ed., Aquatic Toxicology, Raven 

Fish eggs are large, abundant, and often translucent, and Press, New York. 149-211 (1982); J. J. Black, In J. Saxena, 

can be fertilized in vitro. The resulting embryos are easily ed., Hazard Assessment of Chemicals: Current 

maintained and develop externally, obviating the need for Developments, Vol. 3. Academic Press, New York. 181-232 

reintroduction of the embryo into a receptive female. In 60 (1984); and C. D. Metcalfe, CRC Rev. Aquat. Sci. 1:111-129 

addition, laboratory analyses can generally be performed (1989)). The sensitivity of medaka to many carcinogens, the 

more rapidly and at lower cost compared to rodent assays. availability of specimens, and the degree of control that can 

Heterologous genes have been introduced into fish begin- be maintained over extraneous factors all contribute to this 

ning in 1985. Among these heterologous genes that have small fish being one of the most widely used species for 

been introduced into fish include genes that code for growth 65 studies in comparative toxicology (W. E. Hawkins et al., 

hormones (human, rat, rainbow trout), chicken delta- Chapter 14 in G. M. Rand, ed., Fundamentals of Aquatic 

crystalline protein, E. coli f5-galactosidase, E. coli Toxicology: Effects, Environmental Fate, and Risk 
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Assessment, Taylor and Francis. 421-^46 (1995)), the biol- 
ogy of hepatic neoplasia (D. E. Hinton et dA.,Aquat. Toxicol. 
11:77-112 (1988)), oncogene activation (R. J. Van Beneden 
et al., Cancer Res. 50:5671s-5674s (1990)), DNArepair (T. 
Ishikawa et al., Natl. Cancer Inst. Monograph 65:35—43 5 
(1984)), and mutagenesis (R. N. Winn et al., Marine Envi- 
ron. Res. 40(3):247-265 (1995)). 

Medaka offer numerous advantages for transgenic devel- 
opment such as small size (about 2.5 cm), relatively short 
generation time (1-2 months), and prolific capacity to repro- 10 
duce (more than 3,000 eggs/female in a single breeding 
season). Spawning can be induced year-round by maintain- 
ing breeding stocks at 25-28° C. and eggs usually hatch in 
10 days at 25° C. Eggs are translucent, which greatly 
facilitates the positioning of fine glass needles for DNA 15 
microinjection. Medaka was the first transgenic fish species 
produced to demonstrate successful foreign gene expression 
(K. Ozato et al., Cell Differ. 19:237-244 (1986)). 
Subsequently, numerous transgenic medaka have been pro- 
duced that carry a variety of transgenes (e.g. K. Inoue et al., 20 
Cell Differ. Dev. 27(l):57-68 (1989); E. Tamiya et al., 
Nucleic Acids Res. 18:1072 (1990); K. Inoue et al., Cell 
Differ. Dev. 29(2):123-128 (1990); J. Lu et al., Mol. Marine 
Biol. andBiotechnol. 1(4/5): 366-375 (1992); H. J. Tsu et al., 
Mol. Mar. Biol. Biotechnol. 4(1): 1-9 (1995); R. N. Winn et 25 
al., Marine Env. Res. 40(3):247-265 (1995)). 

As noted above, the invention is intended to further 
encompass progeny of a transgenic fish containing a 
genomically integrated bacteriophage lambda-derived trans- 
gene construct, as well as transgenic fish derived from a 30 
transgenic fish egg, sperm cell, embryo, or other cell con- 
taining a genomically integrated bacteriophage lambda- 
derived transgene construct. "Progeny", as the term is used 
herein, can result from breeding two transgenic fish of the 
invention, or from breeding a first transgenic fish of the 35 
invention to a second fish that is not a transgenic fish of the 
invention. In the latter case, the second fish can, for example, 
be a wild-type fish, a specialized strain of fish, a mutant fish, 
or another transgenic fish. The hybrid progeny of these 
matings have the benefits of the transgene for mutation 40 
detection combined with the benefits derived from these 
other lineages. 
Definitions 

An "expression vector" is a nucleic acid molecule con- 
taining a nucleotide sequence that is expressed in a host cell. 45 
Typically, the expression vector is a DNA molecule con- 
taining a gene, and expression of the gene is under the 
control of regulatory elements that can, but need not, include 
one or more constitutive or inducible promoters, tissue- 
specific regulatory elements, and enhancers. Such a gene or 50 
nucleic acid sequence is said to be "operably linked to" the 
regulatory elements. 

A "cloning vector" is a nucleic acid molecule, typically a 
DNA molecule, that has the capability of replicating autono- 
mously in a host cell. The cloning vector can, for example, 55 
be a plasmid, cosmid, or bacteriophage, and can be linear or 
circular. Cloning vectors typically contain one or more 
restriction endonuclease recognition sites at which foreign 
nucleic acid sequences can be inserted in a determinable 
fashion without loss of an essential biological function of the 60 
vector, as well as a marker sequence that is suitable for use 
in the identification and selection of cells transformed with 
the cloning vector. Marker genes typically include nucleic 
acid sequences that encode polypeptides which can confer a 
phenotypic characteristic to the transformed cell, such as 65 
antibiotic resistence, test compound metabolism, and the 
like. 



The terms "exogenous" or "heterologous," which are used 
interchangeably herein, denote some item, typically a 
nucleic acid sequence, that is foreign to its surroundings. In 
particular, the terms apply to nucleic acid sequences that 
have been inserted in to a host organism, but are not found 
in the normal genetic complement (i.e., genome) of the host 
organism. A gene that is heterologous with respect to an 
organism into which it has been inserted or transferred is 
sometimes referred to herein as a "transgene." A "trans- 
genic" animal or host is an animal having one or more cells 
that contain exogenous (heterologous) nucleic acid 
sequences, including expression vectors. Although introduc- 
tion of the heterologous nucleic acids into a host cell is not 
limited to any particular mode of delivery, microinjection of 
the heterologous DNA is preferred. Microinjection is labor- 
intensive and time-consuming, but when practiced in accor- 
dance with the present invention results in a greater likeli- 
hood of introducing the DNA into the cell nucleus as 
opposed to the cytoplasm. While advances have been made 
relating to other methods of gene transfer such as electropo- 
ration of eggs (e.g., K. Inoue et al., Cell Differ. Dev. 
29(2):123-128 (1990); F. Muller et al., FEBS Lett., 324 
(l):27-32 (1993); Y. Murakami et al., J. Biotechnol., 34 
(l):35-42 (1994); F. Muller et al., Mol. Mar. Biol. Biotech- 
nol. 1 (4-5):276-81 (1992)) and sperm (Symonds et al., 
1994; D. A. Powers et al., Mol. Mar. Biol. Biotechnol, 1 
(4-5):301-8 (1992)); particle gun bombardment (A. V. Zele- 
nin et al., FEBS Lett., 287 (l-2):118-20 (1991); liposomes 
(J. Szelei et al., Biochem. J., 259 (2):549-53 (1989); and 
retroviral vectors (J. K. Lu et a\.,MoI. Mar. Bio. Biotechnol, 
6 (4):289-95 (1997)); these procedures only rarely result in 
transgene integration and germline transmission (K. Inoue et 
al., Cell Differ. Dev. 29(2):123-128 (1990)). Nonetheless, 
the invention is not intended to be limited to any particular 
method of introducing the heterologous DNA into the host 
organism. Preferably, the heterologous nucleic acid 
sequences are stably integrated into the host genome and are 
inheritable. 

A "genomically identical" population of transgenic fish is 
one wherein each fish has the same genomic DNA as the 
others in the population; this can also be referred to as a 
clonal population. Members of a genomically identical 
population are produced by cloning or inbreeding within the 
population rather than by mating with non-genomically 
identical fish (see, e.g., D. C. Streisinger et al., Nature, 
291:293-296 (1981); W. Driever et al., Trends Genet., 10 
(5): 152-159 (1994)). Zygosity of the genomically identical 
population can be haploid, diploid or triploid. A genomically 
identical population is a single sex (unisex) population and 
can be male or female. A genomically identical female 
population can be produced, for example, by gynogenesis, 
wherein sperm is used to activate the egg but does not 
contribute genomic DNA to the developing organism (J. H. 
Postlethwait et al., Trends Genet., 13(5):183-190 (1997)). 
Methods for making a genomically identical male popula- 
tion include heat shock or irradiation. 

A nucleotide sequence that is "excisable" from genomic 
DNA is one that can be isolated from the genomic DNA of 
the host animal, as by cutting the nucleotide sequence at one 
or more predetermined sites, for example at a lambda 
bacteriophage cos site. An "assayable" mutation target 
nucleic acid sequence is one wherein a mutated form of the 
nucleic acid sequence can be distinguished from the non- 
mutated form of the nucleic acid sequence, either directly or 
indirectly, as by using a laboratory assay or other detection 
procedure. Preferably, the presence or absence of a mutation 
in the nucleic acid sequence is detectable by way of a 
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chemical or biological assay. Detection can be mediated host. Mutations in the ell region that lower the levels of ell 
through the use of "reporter" nucleic acid sequences. For protein result in a decreased ability of lambda to lysogenize. 

example, in a lac operon-based mutation detection system, a When grown under conditions that favor lysogeny in a 

mutation in a lad mutation target gene affects the expression suitable bacterial host cell, preferably an b.fT E. coli strain, 

of the lacZ reporter gene, and expression of the reporter gene 5 lambda prophages carrying such mutations survive only by 

is detectable in an E. coli host by assaying the ability of the the entering the lytic pathway of development, forming 

host to produce the lacZ gene product (fi-galactosidase) and plaques. Prophages that are wild type for the ell region 

thus metabolize a chromogenic substrate. integrate into the bacterial host genome and become part of 

The term "mutagen" is to be broadly understood as the developing bacterial lawn, 

meaning any mutagenic or potentially mutagenic agent or to In a particularly preferred embodiment of the invention, 

event, including a mutagenic chemical compound, such as a the shuttle vector used to transfect the host fish cell is BIG 

toxicant, or exposure to radiation, including but not limited BLUE XLIZ shuttle vector. This shuttle vector contains at 

to alpha, beta, or gamma emissions from an radioisotope, least two mutation target regions: one derived from the lac 

electromagnetic radiation of any frequency, such as x-ray, operon, and the other comprising the lambda ell region. The 

ultraviolet, or infrared radiation, exposure to an electromag- is packaging extract provided by Stratagene, Inc., recognizes 

netic field (EMF), and the like. the cos sites of the integrated lambda DNA and packages the 

Mutation Target Nucleic Acid Sequences sequences between the cos sites into phage particles. After 

The assayable mutation target nucleic acid sequences the shuttle vector is recovered from the fish, the vector is 

present in the preferred transgenic fish of the invention are packaged and introduced into an appropriate bacterial host 

conveniently included in a bacteriophage X shuttle vector. 20 E. coli, for example by using packaging extracts commer- 

Use of a shuttle vector facilitates both introduction of DNA cially available from Stratagene, Inc. (La Jolla, Calif.) or 

into the fish and recovery or rescue of the DNA from the fish. Epicentre Technologies (Madison, Wis.). Mutations in the 

The shuttle vector preferably includes an excisable test lac region of the shuttle vector can be conveniently detected 

nucleic acid sequence that contains at least one copy of at in a host E. coli cell using procedures described in the BIG 

least one assayable mutation target nucleic acid sequence. 25 BLUE Transgenic Rodents Mutagenesis Assay System 

The shuttle vector may, however, contain multiple copies of Instruction Manual (Stratagene, La Jolla, Calif.). Alterna- 

a particular target sequence, and/or two or more different lively or additionally, mutations in the ell region of the 

assayable mutation target nucleic acid sequences. shuttle vector can be conveniently detected in a host E. coli 

In one preferred embodiment, the assayable mutation cell using procedures described in either the X Select-cII 

target nucleic acid sequence comprises at least one nucle- 30 Mutation Detection System for BIG BLUE Rodents Instruc- 

otide sequence selected from the nucleotide sequences of the tion Manual (Stratagene, La Jolla, Calif.) or described in 

lac operon. Preferably, the assayable mutation target nucleic written instruction materials that accompany the Epicentre 

acid sequence is at least one of the lad gene, the lacZ gene, Technologies (Madison, Wis.) kit. 

or the lac promoter sequence. More preferably, the assayable The XLIZ shuttle vector (FIG. 1) includes the E. coli lad 

mutation target nucleic acid sequence is the lad gene. 35 gene as a mutation target and alacZ as the reporter gene. The 

In another preferred embodiment, the assayable mutation system uses a forward mutation assay capable of detecting 

target nucleic acid sequence comprises at least one nucle- a wide spectrum of mutations in the lad target. The lad 

otide sequence selected from the nucleotide sequences of the target is the most well-characterized target gene for 

ell region of bacteriophage lambda. The ell region of mutagenesis, with more than 30,000 mutants identified in 

bacteriophage lambda is approximately 300 base pairs in 40 prokaryotic and eukaryotic cells (see, e.g., S. W. Kobler et 

length and encompasses, among other sequences, the P R al, Proc. Natl. Acad. Sci. USA. 88:7958-7962 (1991). 

promoter, the ell gene (which encodes the ell protein), the Following mutagen exposure, genomic DNA is isolated 

ell gene (which encodes the ell repressor protein), the ell from the tissues of interest. The shuttle vector is recovered 

MRNA ribosome binding site, and the ell protein-activated or "rescued" from the genomic DNA by in vitro packaging, 

PRE promoter. Preferably, the assayable mutation target 45 preferably by utilizing TRANSPACK packaging extract 

nucleic acid sequence is at least one of the ell gene, the ell (Stratagene, Inc., La Jolla, Calif.) which packages the vector 

mRNA ribosome binding site gene, or the P^ promoter into viable phage particles. Mutations in lad are detected 

sequence. More preferably, the assayable mutation target histologically in E. coli, as described below. The BIG BLUE 

nucleic acid sequence is the ell gene. lac-based assay system has been shown to detect most 

The nucleotide sequence of the bacteriophage lambda ell 50 classes of mutations, including base substitutions, single- 
region, as disclosed in the Instruction Manual for the X base frameshifts, insertions, duplications, and deletions (J. 
Select-cII Mutation Detection System for Big Blue Rodents C. Mirsalis et dl.,Ann. Rev. Pharmacol. Toxicol. 35:145-164 
(Catalog #7210210, Revision #028001, incorporated herein (1995); G. S. Provostet al., Mutation Res. 288:133-149 
in its entirety) is set forth in FIG. 2A. The X base positions (1993)). 

(X bp) displayed in the far left column are derived from the 55 Mutations that interfere with the lac repression lead to 

base positions of the wild-type lambda sequence (GenBank transcription of the alacZ region, allowing formation of 

database accession numbers J02459, M17233, M24325, intact LacZ protein, (5-galactosidase, through alpha comple- 

V00636 and XO0906). The numbering convention used for mentation within the bacterial host. Mutations are analyzed 

the ell nucleotide positions (nt) listed in the second column by isolating genomic DNA from the transgenic animal and 

is that ofSchwarzetal. (AteMre, 272: 410-414 (1978)). The 60 recovering the shuttle vector as functional bacteriophage 

positions of the ell PCR and sequencing primers used in the using in vitro packaging. The packaging extract is preferably 

Stratagene mutation detection system are labeled. The ell free of all known restriction systems (restriction minus) and 

primers used for PCR or sequencing of the ell gene in the permits efficient recovery of the phage independent of DNA 

alternative Epicentre Technologies mutation detection sys- methylation as is known in the art. The individually pack- 

tem are shown in FIG. 2B. 65 aged phage infect and lyse E. coli bacterial hosts that 

The ell protein activates transcriptional promoters in produce complementing portions of the LacZ protein. In the 

lambda that are essential for lysogenization in a bacterial presence of a chromogenic substrate, functional mutations in 
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lad or the lac operator are seen as blue plaques on a lawn 
of clear nonmutant plaques. Mutant frequency is expressed 
as the ratio of the number of blue plaques to the total number 
of plaques tested. Each mutant can be further analyzed by 
sequence analysis of the lad target gene without subcloning, s 
using a modified polymerase chain reaction (PCR) method. 

Alternatively, the ell gene in the XLIZ shuttle vector (FIG. 
1) can serve as a mutation target. Selection of mutants in the 
X Select-cII mutation detection system is based on the ability 
of bacteriophage X to multiply through either the lytic or 10 
lysogenic cycle in E. coli host cells. The commitment to 
either lysis or lysogeny is made by lambda upon infection of 
an E. coli host cell and is regulated by a series of proteins, 
one of which is the product of the ell gene. Transcription of 
the ell gene is initiated at the P„ promoter, and the ell gene 15 
is transcribed as part of a polycistronic message, which 
includes cro, O, P, and Q. At two lambda promoters, the ell 
protein activates transcription of genes essential for the 
lysogenic response. One of these promoters is P^, which is 
located within the 5' end of the ell gene in the orientation 20 
opposite to that of ell transcription. P^ establishes tran- 
scription of the gene for the cl repressor protein. The cl 
repressor protein binds to the operator, inhibiting tran- 
scription at V R and effectively shutting down transcription of 
several genes essential for the lytic response, committing the 25 
phage to the lysogenic cycle. In the XLIZ vector, the gene for 
the cl repressor protein contains the temperature-sensitive 
cI857 mutation that disables the cl repressor protein at 37° 
C, allowing titering in the preferred bacterial host strain (E. 
coli G1250). Thus, a detectable mutation in the ell gene 30 
either impairs the function of the ell protein or disables the 
promoter of the cl gene, in either event preventing 
transcription of the cl gene. In the absence of the cl repressor 
protein, the phage multiply through the lytic cycle. In 
contrast, a nonmutant ell gene results in a functional cl 35 
repressor protein, and the phage genome undergoes lysog- 
enization. 
Mutation Analysis 

A mutated target sequence can be subjected to nucleic 
acid sequencing to determine the mutation spectrum char- 40 
acteristic of a particular mutagen, or of a particular tissue, or 
of the action of a particular mutagen on a particular tissue. 
A mutation spectrum reflects the frequency of certain spe- 
cific types of mutations in a population of mutants. Types of 
mutations include, for example, nucleotide transitions (G/C 45 
to A/T and A/T to G/C), nucleotide transversions (G/C to 
T/A, G/C to C/G, A/T to T/A, and A/T to C/G), and 
frameshift mutations (e.g., +1, +2, -1 and -2). Alternatively, 
mutations can be identified using single nucleotide poly- 
morphism analysis, or any other method known in the art for 50 
identifying or detecting single site mutations, insertions, 
deletions and frameshifts. 

The mutation spectrum of a population of mutants can 
provide much useful information. In some instances, the 
spectrum is characteristic of a particular mutagen or class of 55 
mutagens, and can help identify the nature of the mutagenic 
compound. In other instances, a change in the mutation 
spectrum, relative to the mutation spectrum of a control 
group, may be evident even though the differences in 
mutation frequencies (experimental vs. control) are not 60 
statistically significant. In still other instances, mutation 
spectrum analysis can yield information about the sensitivity 
of different organs or tissues to a particular mutagen. 

EXAMPLES fi5 
The following examples, while exemplary of the present 
invention, are not to be construed as specifically limiting the 



invention. Accordingly, variations and equivalents, now 
known or later developed, that would be within the purview 
of one skilled in the art are to considered to fall within the 
scope of this invention. 

Example 1 
Creation of a Transgenic Fish 

The BIG BLUE Lambda Shuttle Vector WLIZ(Stratagene, 
Inc., La Jolla, Calif.; see the BIG BLUE Transgenic Rodent 
Mutagenesis Assay System Instruction Manual, specifically 
incorporated herein by reference, in its entirety) was used to 
create a transgenic medaka. Previous attempts to recover the 
XLIZ bacteriophage vector from both transgenic rodents and 
from fish that carry low gene copy numbers (e.g., 1-3 
copies) have been problematic; it is highly desirable that 
transgenes are present at a level of several copies per cell or 
more to permit a high ratio of recovered target vector per 
genome (M. J. Dycaico et al. Mutation Res. 307:461-478 
(1994)). Thus, efforts were made to increase the transgene 
copy number in the transgenic fish by creating a shuttle 
vector having multiple copies of the mutation target 
sequence. To this end, the XLIZ shuttle vector (about 50 kb) 
was cos-ligated, end to end, as linear concatamers. 
Specifically, the cos sites were melted by incubating X DNA 
(50 fig) at 68° C. for 5 minutes, followed by ligation 
overnight (4° C.) with T4 ligase (0.5 mm ATP, 0.06 units/^l 
ligase, lxligase buffer, 714 ng/ul DNA) (New England 
Biolabs, Inc., Beverly, Mass.). DNA was brought up to 750 
ftl volume with STE (0.1 M NaCl, 10 mM Tris HCL, 1 mM 
ethylenediaminetetraacetic acid, EDTA, pH 8.0) and 
extracted twice with phenol/chloroform, once with 
chloroform, and precipitated with 100% ethanol. Following 
centrifugation, the pellet was washed with 70% ethanol, 
dried, and dissolved in TE (10 mM Tris, 1 mM EDTA, pH 
8.0) at a DNA concentration of 100-200 ng//il, determined 
by conventional spectrophotometric technique. The result- 
ing construct, possibly hundreds of kb in size, is orders of 
magnitude larger than other vectors (typically about 5 kb) 
successfully used to create transgenic fish, such as iJjX174 
(R. Winn et al., Marine Environ. Res., 40:247-265 (1995)). 
Prior to microinjection, the DNA was diluted to a concen- 
tration between 50-100 ng//<l in 5T.1E solution (5 mM Tris; 
0.1 mM EDTA) and dialyzed on a filter (0.025 micron pore 
size, from Millipore, Bedford, Mass.) over 5T.1E for 40 
minutes. Relatively large amounts of DNA were used in 
each of the injections to increase the likelihood of genomic 
integration. 

Initially, 490 one-cell stage medaka embryos were 
injected with heterologous DNA. Heterologous DNA was 
microinjected into one-cell stage medaka embryos substan- 
tially according to the method of Winn et al. {Marine 
Environ. Res., 40(3):247-265 (1995), as modified herein. To 
maximize incorporation of the heterologous DNA and pos- 
sibly reduce the degree of mosaicism in the founders, 
fertilized eggs at the one-cell stage were collected by remov- 
ing egg masses from the vent of the female fish beginning 2 
hours prior to the onset of a 16-hour light cycle and every 
10-15 minutes thereafter. The gene transfer method was 
optimized by rigidly controlling the timing of the injection 
at the earliest 1-cell stage of development of the fish, in most 
cases within 5 minutes of fertilization. The embryos were 
individually separated by removing the entangling chorionic 
fibrils and examined to verify the one-cell stage of devel- 
opment for efficient gene transfer. The one-cell embryos 
were placed within a watch-glass filled with 18%o (parts per 
thousand salinity) seawater to better visualize the penetra- 
tion of the injection needle and to reduce the incidence of 
fungal infection. 
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Injection of the heterologous DNA was performed with 
the aid of a dissection microscope, micromanipulators, and 
an N 2 pressurized gas injection apparatus (model PLI100 
commercially available from Medical Systems Corp., 
Greenvale, N.Y.). The embryo was held in place with a 5 
capillary pipette (25 jum) secured with a micromanipulator. 
Another capillary pipette pulled to a fine tip (1-2 fitn) 
secured by a micromanipulator, and attached to a gas injec- 
tion apparatus served to inject the embryo. The DNA solu- 
tion was injected through a continuously flowing pipette into 10 
the cytoplasm of the one-cell embryo, or through the micro- 
pyle if visible. This is in contrast to the technique used in 
rodents, wherein the DNA solution can be directly injected 
into the rodent cell nucleus. It is believed that injection 
through the micropyle is preferable since introduction into 15 
the cytoplasm may increase the likelihood of degradation of 
the DNA construct and, more important, may give rise to 
mosaic (or chimeric) integration of the gene in the tissues of 
a resultant transgenic fish. That is, not all of the cells will 
have the heterologous DNA integrated chromosomally. 20 
Mosaic integration of the transgene in transgenic fishes is 
very common and is problematic because germ-line trans- 
mission is not guaranteed even if DNA extracted from a fin 
clip (the typical assay for integration) indicates the founder 
fish carries the gene. The flow rate and the total amount of 25 
solution injected was controlled by adjusting the pressure of 
the gas and the duration of the injection which permitted 
injection of approximately 5-20 nl DNA solution. 

Injected embryos were transferred into dechlorinated tap 
water and incubated therein using several different proce- 30 
dures. Some embryos were placed on 20 mm petri dishes, 
others were placed on cell culture plates, and others were 
placed in containers with air supply ("bubblers") to allow for 
constant aeration during growth at 26° C. until hatching 
(about 10 to 12 days). Embryos were examined daily and 35 
any dead were removed from the dishes. An earlier attempt 
was made that involved incubation in Yamamoto's solution 
(Yamamoto, "Medaka (killifish): Biology and Strains," 
Keigaku Publishing Co., Tokyo, Japan, 1975) for 5 days, and 
then in sterile culture water until hatching in approximately 40 
10 days, however this procedure was discontinued after 
reduced survival in this solution was observed. A total of 141 
fish survived in this initial experiment to age 6-8 weeks 
(28%) and were analyzed for the presence of heterologous 
DNA as described below. In a second experiment, a total of 45 
238 fish (4-6 weeks post hatch) were analyzed in the same 

Genetic screening for the presence of integrated XLIZ 
sequences and gene copy number evaluation of Fj genera- 
tion fish were simultaneously performed via PCR using a 50 
new instrument and DNAdetection system. This accelerated 
the assessment of the positive F 1 generation fish which were 
not mosaic for integration of the transgene and therefore 
permitted the establishment of the specific high copy num- 
ber lineages. The traditional method of copy number quan- 55 
titation using Southern blot methods (described below) was 
not necessary. 

Enhancements in the PCR method over the last decade 
have fostered the development of numerous and diverse 
applications. A recent enhancement facilitates real-time, 60 
quantitative analysis of the DNA amplification using 
fluorescence-based PCR. The analysis uses a DNA sequence 
detection instrument (ABI PRISM 7700 Sequence Detection 
System, Perkin Elmer Applied Biosystems, Foster City, 
Calif., USA) which combines PCR with a fluorogenic 5 r 65 
nuclease assay. Pairs of primers (forward and reverse) 18-25 
mer oligonucleotides that anneal within the DNA sequence 
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of interest are synthesized in order to generate an amplified 
product generally ranging from 60-70 base pairs (bps) in 
size. A 20-30 mer oligonucleotide is synthesized as a probe 
to anneal within the PCR product generated by the forward 
and reverse primers. This fluorogenic, target-specific probe 
comprises an oligonucleotide with both a reporter and a 
quencher dye attached, and anneals to the target sequence 
between the forward and reverse primers. The probe typi- 
cally includes a FAM (6-carboxy-fluorescein) reporter dye 
linked to the 5' end of the oligonucleotide and TAMRA 
(6-carboxy-tetramethylrhodamine) attached at the 3' end of 
the oligonucleotide as the quencher dye. As the PCR pro- 
ceeds the probe is cleaved by the 5' nuclease activity of a 
DNA polymerase which permits the detection of the reporter 
dye signal. The DNA sequence-specific fluorescence signal 
is generated and detected in solution during the PCR. 
Assuming a 100% efficiency of amplification, the threshold 
cycle decreased by one cycle as the concentration of the 
template doubles. Therefore, the input DNA target quantity 
can be determined based on the cycle at which fluorescent 
signal is first detectable. The quantitative PCR analysis 
incorporates kinetic analysis in which the initial copy num- 
bers of unknowns are determined by comparison with a 
curve generated from samples of known initial DNA quan- 
tities. 

The typical conditions for the fluorescence-based PCR 
were as follows: 100 ng DNA; 4 mM MgS0 4 ; 200 M dATP, 
dCTP, dGTP; 400 uM dUTP; 125 M probe; 0.625 U Ampli- 
taq Gold™ polymerase; 0.25 U Amerase UNG; and lx of 
supplied buffer. A two stage amplification profile was used 
with 2 minutes at 50° C, 10 minutes at 95° C; followed by 
stage two with 15 seconds at 95° C, 1 minute at 60° C. for 
a total of 30 cycles. A hold cycle at 25° C. was used 
following completion of amplification. Samples were pre- 
pared using sterile water in the place of DNA in the reagent 
mixture as no template DNA controls. Replicate serial 
dilutions of known quantities of DNA were prepared to 
construct a standard curve from which the quantities of 
unknown samples were estimated. 

In this example, screening for the presence of integrated 
XLIZ was accomplished prior to copy number determination 
using a standard PCR assay on DNA isolated from excised 
fin tissue. Genomic DNA is extracted from caudal fin tissue 
excised from presumptive transgenic fish aged 1-2 months. 
The DNA is extracted by homogenization of the tissue in 0.3 
mL lxSSC (150 mM NaCl, 15 mM sodium citrate; see page 
B.13 of Sambrook et al., Molecular Cloning, a Laboratory 
Manual, 2 nd Ed., Cold Spring Harbor Laboratory Press, 
1989), 0.5% sodium dodecyl sulfate, SDS, and 10 mg/mL 
proteinase K for 3 hours at 55° C. Samples were extracted 
twice with methylene chloride :isoamyl alcohol (24:1) con- 
taining 0.1 5 M NaCl, precipitated with two volumes 100% 
ethanol and resuspended in TE buffer (10 mM Tris, 1 mM 
EDTApH 8.0). The DNA concentration is then estimated by 
measurement of absorbence at 260 nm. Several lad 
sequencing primer pairs (commercially available under the 
trade designation BIG BLUE lad PCR Primer Set, from 
Stratagene, La Jolla, Calif.) can be used to generate PCR 
products of about 200-800 kb. A standard amplification 
temperature profile is: initial denaturation 95° C, 60 sec- 
onds; denaturation 95° C, 30 seconds; annealing 60° C, 30 
seconds; and extension 72° C, 60 seconds. When using this 
screening method, we utilized two oligonucleotide primers, 
"Lambda 1" (5 '-GAT GAG TTC GTG TCC GTACAACTG 
G, SEQ ID NO:4) and "Lambda 2" (5'-GGT TAT CGAAAT 
CAG CCA CAG CGC C-3', SEQ ID NO:5), and PCR 
conditions of initial denaturation 94° C, 30 seconds; dena- 



US 6,307,121 Bl 

15 

turation 60° C, 30 seconds; extension 72° C, 60 seconds, 
for 30 cycles. Electrophoresis of the PCR products on an 

agarose gel (1-2%) can be used to confirm amplification of ~ 
the DNA fragment of appropriate size. In previous 

experiments, integration rate in founder (F 0 ) transgenic 5 
medaka has typically been approximately 7-10%; however 

using the procedures set forth in this example, the integra- ■ ■ — 

tion rate jumped to 16%. 013 1 35% 

J v 208 1 3% 

In this alternative method, copy number determination 10 388 1 20% 

can be accomplished using a Southern blot hybridization 254 ^ 

using a biotinylated XLIZ DNA probe and chemi- 261 ~3-^t 20% 

luminescent detection. Genomic DNA (5-10 fig) from pre- 3 ^ * 36% 

viously PCR-screened positive transgenic fish is digested 15 327 _ 2 5 % 

with HindlH in the presence of 4 mM spermidine to improve 363 -2 10% 

digestion, followed by electrophoresis on a 0.8% agarose gel ™ ~2_ ^ 

and then transfer to a nylon membrane using conventional 

biotechnological techniques. The membrane is baked at 80° Following confirmation of positive integration of XLIZ in 
C. for 30 minutes and exposed to a UVtransilluminator for 20 ,he /> generation, the transgenic siblings were bred to 
c n u u j- - c j . «o r> c ■, t. produce F 2 generation fish. The quantitative fluorescence- 
5 minutes. Prehybndization is performed at 42 C. for I hour £ ased pc | J rocedures described q above facilitate d distin- 
m a 20 mM sodium phosphate buffer (pH 7.5) containing guishing the homozygous and hemizygous transgenic F 2 
50% formamide, 5xSSC, 5xDenhardt's solution (Sigma generation fish, thereby speeding the establishment of 
Chemical Company, St. Louis, Mo.), 0.1% SDS and 100 ^ homozygous lines by eliminating the need to perform time- 
fig/mL denatured calf thymus DNA. Hybridization is per- consuming traditional methods that rely on DNAhybridiza- 
formed at 42° C. for 16 hours with about 20 ng of a tion techniques (i.e. Southern blots). Homozygous status 
biotinylated XLIZ DNA probe. Membranes are washed was verified genetically by crossing presumptive homozy- 
twice for 5 minutes at 20° C. in 2xSSC, 0.1% SDS, and 8 0US fish with w il d " l ype fish, in which case the presence of 
twice for 15 min at 68° C. in 0.2xSSC, 0.1% SDS. Mem- 30 100% positive transgenic offspring confirmed homozygous 
branes are analyzed by chemiluminescent detection accord- status. In addition by using these quantitative ^fluorescence- 
' 1 , , . based PCR procedures, transgenic lineages that carry mul- 
ing to the manufacturer s detection protocol with film expo- tiple copfcs of , he vM and therefore have the greatest 

sures of 20-60 minutes (commercially available under the promise for efficient recovery of the vector, were identified, 

trade designation PHOTOTOPE CHEMILUMINESCENT ^ These results compare favorably to those obtained from 

DNA DETECTION KIT, from New England Biolabs, producing transgenic rats with the identical mutation target. 

Beverly, Mass.). Copy number standards, prepared by add- In this effort, 62 transgenic founders were obtained out of a 

ing XLIZ DNA (equivalent to 1-50 copies per genome) to total of 379 injected embryos that survived to an age of 6-5 

calf thymus DNA (5 fig), are loaded adjacent to the DNA weeks > or 16% - F ° r the transgenic rat study, over 12,000 

from presumptive transgenic fish. Copy number estimates 40 Fisher 344 inbred rat embrv ° injections produced 257 sur- 

can be made by using the DNA content of 2.2 pg for the ^ ^ ^ ™ 17 'T^-,™ 

,. . ., r A i (M. J. Dycaico et al., Mutation Res. 307:461-478 (1994)). 

dmloid genome of medaka. Although the majority of these 17 rodent founders carried 

From the initial experiment, 9 of the 141 founders were less than 5 copies of XLIZ, two founders carried more than 

shown to have incorporated the /A1Z vector, and of these 9, 45 20 copies, such that homozygous individuals of subsequent 

two showed germline transmission. Likewise, in the second generations carried at least 40 copies. Attempts to recover 

experiment, 53 of the 238 founders were shown to have th& vector from XUZ transgenic rats that carried only 1-2 

incorporated the vector, and 13 of the 53 showed germline &™ ™P KS was ««>t possible in several 1 lineages, and, in 

transmission. Together, a total of 62 fish (16% of the founder oU,cr *> w ^ DUmber fr ° m whlch / e k coverv was 

uau*^ u lus^ u", <■ unaiui. »^"»« K ±v ,o ul » ™"« possible, the low rescue efficiencies increased the time and 

population) showed positive amplification of the XLIZ prod- 50 ^ q{ ^ compared tQ {hose for higher cQpy 

uct of the appropriate size (-50 bp), and 15 of those showed number animals, 
germline transmission (24%). The transgenic founders that 

showed germline transmission when mated with wild-type „ ,„„_ xamp e 

. . .„ ... m „ .u • « - Recovery of XLIZ Shuttle Vector 

mates transmitted the DNA sequence to their offspnng at „ D - . ,- , . - c , , , , . . t 

_ , , y 6 „ 55 Fish tissues appear to pose a significant problem related to 

frequencies of 3-40% (Table 1). The observed gene transfer effic ; eil t recovery of bacteriophage and plasmid-based vec- 

frequency represents an improvement over previous efforts, tors for mutation detection. The extraction of high quality 

and ranks among the highest reported in other transgenic fish and high molecular weight genomic DNA is very important 

efforts. The variable frequencies of gene transmission to Fj to the efficient recovery of the shuttle vector from transgenic 

offspring demonstrated the mosaic germ-line integration 60 rodent tissues. However, repeated attempts to recover shuttle 

characteristic of transgenic fish. vectors from transgenic fish tissues using the procedures 

developed for rodents have in the past been unsuccessful. 

Gene copy number results for the selected members of isolation of Genomic DNA 

this transgenic founder population are also shown in Table Initial recovery of the shuttle vector was attempted using 

1. Of eleven transgenic lineages analyzed, five lineages 6 5 DNA obtained from two homozygous fish lineages that 

carry 2 copies, including one lineage (#310) that carries in carried only -1-2 copies of th 

excess of 75 copies. Table I). The vector r< 



US 6,307,121 Bl 

17 18 

cessful. Vector recovery from animals which carry low copy preferred to the recommended 48 hour incubation to reduce 

numbers has previously been shown to be problematic in mottling on the plates. Because the XLIZ shuttle vector 

transgenic rodent studies. Therefore, transgenic fish that had contains the temperature-sensitive cI857 mutation, X + mul- 

relatively high gene copy numbers (>5-10 copies) and tiply through the lytic cycle under the nonselective 

demonstrated stable germ-line transmission were selected 5 conditions, resulting in plaque formation. The rescue effi- 

for the analysis of recovery and spontaneous mutation ciency was determined by averaging the number of plaques 

frequency of XLIZ. In addition, standard procedures for on the three titer (dilution) trays and computing the total 

isolating genomic DNA from rodents were altered so as to number of plaques obtained per packaging reaction. The 

insure isolation of high quality genomic DNA sufficient for spontaneous mutation frequency was calculated by dividing 

recovering shuttle vectors from the fish, as described below, to the number of confirmed mutants by the estimated total 

Transgenic Fj generation fish (4-6 weeks old, line #310, number of plaques recovered, 
hemizygous for -100 copies) were either flash frozen in An average of 2,060,O0O±65,0O0 plaques were recovered 
liquid nitrogen or quickly minced prior to placing in a from a single packaging reaction of line 310 hemizygous 
dounce homogenizer containing 2 mL douncing buffer fish> indicating very high efficiency in the recovery of the 
(lxSSC, 1% SDS). Fish were dounced twice only and 15 phage. Table II shows the relationship between copy number 
transferred to a centrifuge tube. An additional 3 mL of and pnage rec0 very, showing that attempts to recover the 
dounce buffer was added to the centrifuge tube, and freshly p h age f r0 m low copy number lineages were not successful, 
made Proteinase K solution (150 ^L, 20 mg/mL) was then Recovery was achieved from lines 203 and 310, with fine 
added as well. Samples were placed at 37° C. for VA hours. 310 exhibiting exceptional efficiency, particularly in corn- 
Tubes were inverted two times at 30 minute intervals. 20 parison to the 625,000 plaques recovered from Big Blue 
Samples were extracted with 5 mL 50:50 buffered phe- mouse DNA analyzed simultaneously. A minimum of 300, 
nolrchloroform by inverting 5 times followed by centrifu- fjOO plaques is recommended for statistical purposes, 
gation at 4000 rpm for 10 minutes. Supernatant was placed 

in a clean centrifuge tube and the phenolrchloroform TABLE II 

extraction, including the centrifugation, was repeated. The 25 - 



supernatant was again removed, and 8M potassium acetate Relationship of copy number and efficiency of k recovery 
was added thereto to a final concentration of 1M. An equal 

volume of chloroform was also added, the tubes were ,° u °^ r £opy^ fofo)™ 7 

inverted gently, and were then centrifuged as before. Super- 

natant was removed to a clean tube to which two volumes of 30 33 1 n°°e 

100% ethanol were added. Tubes were inverted gently \f s J " one 

several times and allowed to sit at room temperature (about 2 03 4-5 0.05 x 10 5 

22° C.) for 10 minutes. Precipitated DNA was spooled with 254 1 (1) 

a flame-sealed Pasteur Pipette, dried in air, and resuspended 261 3-4 none 

in50-100/*LTEbuffer(TrislOmM,EDTA,lmM,pH7.5). 35 ^04 * ?5 3-16 x 10 5 

Importantly, this protocol incorporates a shorter digestion 370 2 none 

time (IVi hours) at a lower temperature (37° C.) compared 

to the standard procedure used to isolate genomic DNA from CO Pha g e rescue was not attempted 60m these samples, 
mice (wherein the digestion is carried out at 50° C. to 55° C. 

for 3 hours), thus enhancing the recovery of assayable 40 Infection of Bacterial Host and Screening— lac Assay 

genomic DNA from the fish. Individually packaged lambda phage from four of the fish 

It should be noted that this DNA extraction method can be (lineage 310) were absorbed onto E. coli SCS-8 cells 

used to recover DNA directly from an organ or a tissue of a (commercially available from Stratagene), mixed with top 

fish. The protocol is typically carried out using reduced agarose (NZY medium) with 0.7% agarose) containing (1.5 

volumes (since the amount of biological material to be 45 mg/mL) 5-bromo-4-chloro-3-indolyl-p-D- 

extracted is reduced), and the ethanol-precipitated DNA can galactopyranoside (X-gal) and plated onto 25x25 cm square 

be isolated by centrifugation rather than by spooling. This bioassay trays containing 250 mL NZY bottom agar (NZY 

method offers great benefit in that it allows for the study of medium with 1.5% agar) (see FIG. 3B). Packaged control X 

tissue-specific mutation frequencies. we re plated on VCS-257 cells using serial dilutions. 

Packaging Reaction 50 Alternatively, the absorbed phage mixture can be sampled, 

From these genomic fish DNAs, the XLIZ vector was diluted and plated in duplicate or triplicate as plating effi- 

recovered and packaged into empty phage particles creating ciency plates to determine the total number of phage per 

infective phage according to the protocols recommended by packaging reaction kit. The number of plates per packaging 

the manufacturer for in vitro packaging (TRANSPACK in reaction was adjusted to give a target packaging density of 

vitro packaging extract, Stratagene, La Jolla, Calif.). 55 about 15,000 plaques per plate (24 plaques/cm 2 ). Experi- 

Specifically, the packaging extract was added to 8 fi\ of ments included color control plates using a series of lad 

genomic DNA (>0.5 mg/mL), incubated at 30" C. for 90 mutants that produce a spectrum of color intensities from 

minutes, at which time the packaging reaction was tenni- verv ^nl (CM-0) to intense dark blue (CM-3). Plates were 

nated by adding SM buffer. incubated for 16-18 hours at 37° C. 

Infection of Bacterial Host and Screening: X — Select ell 60 After incubation, plates were visually screened for blue 

Assay mutant plaques using a red enhancement screening filter. 

The individually packaged lambda phage were used to The total number of plaques was counted on plating effi- 

infect the E. coli host strain G1250 (see FIG. 3A). The ciency plates to calculate total plaques screened. The effi- 

G1250 plating cell culture was mixed with diluted (titer) and ciency of the packaging extract was determined by counting 

undiluted packaged DNA (mutant screening). Titer plates 65 the plaques on control X plate. Bacterial lawn and plaques 

were placed at 37° C. overnight, and screening plates were are blue because VCS257 contains and expresses the intact 

placed at 24° C. for 40 hours. A 40 hour incubation is lacZ gene. 
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The efficiency of the packaging extract was determined 



and was expressed as plaque forming units (pfu) per mg 
DNA. ' v 10 

The rescue efficiency was determined by averaging the 
number of plaques on the dilution trays and computing the 
total number of plaques obtained per packaging reaction. A 
total of over 500,000 pfu were recovered from each of the 
four samples. The efficiency of the recovery can be evalu- 
ated and related to the amount of DNA necessary to obtain 
a recommended 300,000-500,000 plaque forming units 
(pfu)/analysis. 
Example 3 

Mutagen Exposure Experiments 

Mutagens 20 

N-ethyl-N-nitrosourea (ENU) is a well-characterized 
mutagen and carcinogen that acts by direct ethylation of 
oxygen and nitrogen in the bases of DNA (B. Singer, Nature 
264:333-339 (1976)); B. Singer et al., Nature 276:85-88 
(1978)). ENU is a useful agent for the study of the relation- 25 
ship of mutation to DNA repair, replication, adduct 
persistence, and cell differentiation (J. G. Burkhart et al., 
Mutation Res. 292:69-81 (1993)). A limited study of ENU- 
induced mutation has been previously performed using 
medaka (A. Shimada et al., Zoological Sci. (Tokyo) 8(6) 30 
:1127 (1991); A. Shimada et al., Zoological Sci. (Tokyo) 
7(6): 1053 (1990)). 

Dirnethylnitrosamine (DMN) is a methylating agent and 
potent liver carcinogen in mice (International Agency for 
Research on Cancer (IARC), IARC Monographs on the 
Evaluation of the Carcinogenic Risk of Chemicals to 
Humans, Vol. 7, IARC, Lyon. 253p (1974)). Since cell 
proliferation is an important parameter for the induction of 
mutations, it is important to consider the influence of fixa- 
tion time of adducts on the induction of mutations. DMN has 
been used as a representative mutagen which forms methy- 40 
lated DNA adducts in transgenic mice (J. C. Mirsalis et al., 
Mutagenesis 8:265-271 (1993)). DMN is among the nitro- 
samines that have induced hepatocarcinogenesis in fish with 
progressive stages similar to those characterized in rodent 
hepatic neoplasia (W. E. Hawkins et al., Chapter 14 in G. M. 45 
Rand, ed., Fundamentals of Aquatic Toxicology: Effects, 
Environmental Fate, and Risk Assessment, Taylor and Fran- 
cis. 421-446 (1995)). 
Exemplary Exposure Regimen 

Fish mutagen exposure is performed by using protocols 50 
employed in previous transgenic rodent studies (e.g., M. J. 
Dycaico et al., Mutation Res. 307:461-478 (1994); B. J. 
Rogers et al., Mutation Res. 327:57-66 (1995)). Specifically, 
one regimen consists of a single-pulse 4 hour exposure; 
another consists of a multiple-pulse exposure regimen con- 
sisting of 2 pulses for a 4 hour exposure for 7 days. Prior to 55 
final exposure, range-finding assays for each of the two 
model compounds are conducted wherein fish are exposed in 
single-pulse and multiple-pulse treatments over a range of 
mutagen concentrations to determine the upper exposure 
concentration expected to produce minimal or zero lethality 60 
(about 50% of the lowest exposure concentration at which 
deaths occur). In previous mutagen exposure studies using 
X.LIZ transgenic mice, doses of 50-250 mg/kg of ENU 
(LD 5o ~350 mg/kg) were used to obtain at least a two-fold 
mutation frequency induction. The range finding trials in the 65 
present example are 0, 25, 50 and 100 ppm of ENU and 
DMN. 



Fish are placed in replicated 40 mL acid-washed boro- 
silicate glass test chambers (20/chamber). The mutagen 
solutions, at concentrations determined by dilution factors, 
are added to water immediately prior to the initiation of 
exposure. Toxicant-free treatments accompany all exposures 
as controls. For the multiple-pulse regimen, fish are trans- 
ferred and held in clean water to await the next exposure. 
The fish are not fed during the exposure period. During the 
exposure phase, fish are monitored regularly for any visual 
signs of distress. Any dead or moribund fish are removed. 

Following the final exposure series, fish are rinsed and 
transferred to grow-out aquaria for a prescribed expression 
time. During this time fish are held in aquaria in toxicant- 
free water at 26° C. on a 12:12 hour light:dark regime and 
fed twice daily. The fish are visually monitored at least twice 
daily during feeding. Any fish that have died, or that exhibit 
abnormal swimming behaviors or other visible signs of 
distress, are be removed from the aquaria. Fish that show 
apparent formation of external neoplasms are removed, 
sacrificed, and saved for further analyses, if desired. 

The influence of expression time on the mutation fre- 
quency is evaluated by sampling fish at 5, 10, and 15 days 
following exposure. Expression time, or fixation time, is 
defined as the time allowed between dosing and sacrificing 
the animals for mutation assays. Some expression time is 
required, especially after single-dose administrations, to 
permit uptake and distribution of the chemical, metabolic 
activation to a DNA-reactive form, formation of adducts, 
and at least one cell division to "fix" the adduct as a heritable 
mutation. Although there is no data currently available on 
mutations rates, DNA repair, or cell proliferation in trans- 
genic medaka, it is believed that a long expression time (>7 
days) would allow adequate time to either repair DNA 
adducts or fix adducts as mutations. This reduces the pos- 
sibility the DNA adducts will be mutated by the host E. coli 
by decreasing the number of DNA adducts present on the 
recovered target DNA. 
ENU Exposure and Analysis 

Medaka (50 hemizygous male and female, 4-8 weeks old) 
were exposed to 100 ppm and 200 ppm ENU for 1 hour in 
dechlorinated tap water in replicate 500 mL beakers. They 
were then transferred to clean water (no ENU) and held for 
15 days. At that point the fish were quickly sacrificed using 
an overdose of MS-222 (tricaine methanesulfonate), flash 
frozen in liquid nitrogen, and stored at -70° C. 

Mutagenesis in experimental and control fish was ana- 
lyzed using the ell assay system as described in Example 2. 
The results in Table III show a greater than two-fold increase 
in ell mutations in the 100 ppm-exposed fish compared to 
the control fish, and an induced mutation frequency in the 
200 ppm-exposed fish of nearly four times that of the 
controls. The overall spontaneous mutation frequency was 
determined to be 2.92±0.68xl0" 5 for the ell target. 

TABLE III 

N-Nilroso-N-Ethylurea (ENU) Exposure Summary 



Recovery 
(x 10 s ) pfu 


Number of 


Frequency (x 10~ 5 ) 


3.03 


97 


3.20 


2.37 


58 




1.62 


58 


3.59 


1.91 


64 


3.35 


2.38 


42 


1.76 


2.4 


76 


3.17 






X - 2.92 ± 0.68 
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TABLE Ill-continued 



N-Ni 


roso-N-Ethvlure 


a (ENU) Expos 


re Summary 




Recovery 


Number of 






(x JO 6 ) pfu 




Frequency (x 10~ 5 ) 




1.79 


129 














1 64 


125 


765 




1.70 




6.73 






243 


9.80 




1.28 




13.67 








X = 8.03 ± 2.34 


200 ppm 


1.79 


359 






3.95 


399 


10.10 




1.56 


133 


8.55 




1.73 


198 


11.48 




1.60 


341 


21.27 




3.54 


176 


11.45 








X = 11.96 ± 4.7 



A/T-T/A 
A/T-* C/G 

ift(-l) 



Similar results (a two-fold increase) were observed for the 
lad target in the 100 ppm-exposed fish. A spontaneous 
mutation frequency for the lad target was calculated by 
dividing the number of confirmed mutants (blue plaques) by 
the estimated total clear plaques, and determined to be about 
about l.OlxlO -5 . For comparison, the spontaneous mutation 
frequency of the identical WLIZ mutation target in transgenic 
mice and rat tissues has been determined to be 2-4xl0" s (G. 
S. Provost et al, Mutation Res. 288:133-149 (1993); M. J. 
Dycaico et al., Mutation Res. 307:461-478 (1994)). 

Example 4 
Mutation Analysis of the ell Target Gene 

Putative mutant plaques were verified by coring and 
re-plating them with E. coli G1250 to confirm phenotypic 
stability of the mutant. Selected mutations were analyzed by 
sequence analysis of the ell target gene using linear ampli- 
fication sequencing in which the components of a chain- 
termination sequencing reaction were cycled through a 
standard PCR temperature profile as described in the X 
SELECT-cII Mutation Detection System for BIG BLUE 
Rodents instruction manual, Catalog #72010, Revision 
#028001. The ell target region from a purified XcII mutant 
was amplified by PCR using X SELECT-cII sequencing 
primers, commercially available from Stratagene, La Jolla, 
Calif. Briefly, a plaque was transferred to a microcentrifuge 
tube containing 25 fiL autoclaved dH 2 0. The tube was 
capped securely and placed in boiling water for 5 minutes, 
then centrifuged at maximum speed for 3 minutes. The 
supernatant (10 fiL) was immediately transferred to 40 /<L of 
a PCR mastermix such that the final concentrations of the 
reagents were lxTaq polymerase reaction buffer, 10 pmol of 
each primer, 12.5 nmol of each dNTP, and 2.5 U of Taq2000 
DNA polymerase. The amplification reaction was overlayed 
with a drop of sterile mineral oil and the template was 
amplified using the following cycling parameters: a 3 minute 
denaturation at 95° C, followed by 30 cycles of 30 seconds 
at 95° C, 1 minute at 60° C, and 1 minute at 72° C, with 
a final extension of 10 minutes at 72° C. The products (2-4 
fd) were loaded on a sequencing gel and analyzed for 
sequence differences; the results are shown in Table IV. 



Example 5 
Mutation Analysis of the lad Target Gene 

Putative mutant plaques can be verified by coring and 

0 re-plating them with E. coli SCS-8 on X-gal-containing 
medium to confirm phenotypic stability of the mutant. 
Selected mutations can be analyzed further by sequence 
analyses of the lad target gene using the linear amplification 
sequencing which is a variation of the polymerase chain 
reaction (commercially available from Stratagene, Inc., La 

5 Jolla, Calif.) under the trade designation BIG BLUE 
CYCLIST Exo-Pfu). The components of a chain- 
termination sequencing reaction are cycled through a tem- 
perature profile consisting of a heat-denaturation step, an 
annealing step and an extension step, as described below. 

0 Mutant plaques can be verified and isolated from non- 
mutant plaques re-plating in the presence of X-gal. Lad 
template DNA can be prepared for sequencing by PCR using 
the mutant X phage directly as the template or by further 
purification (See Gu et al. Mutation Res., 307:533-540 

5 (1994)). The sequencing reaction mixture can be prepared as 
follows: 200 fmol template DNA, 1 pmol of primer 
(commercially available under the trade designation of BIG 
BLUE lad PCR Primer Set, from Stratagene), 4 (A of 
lOxsequencing buffer, 10 /<Ci of radioactive label, 1 fil (2.5 

5 U) of polymerase, water to 26 f& and 4 fil DMSO to a final 
volume of 30 fd. The mixture is cycled through a tempera- 
ture profile of denaturation 95° C, 5 minutes; annealing 60° 
C, 30 seconds; and extension 72° C, 60 seconds. The 
products (2-4 fit) are loaded on a sequencing gel and 

' analyzed for sequence differences. The sequence informa- 
tion on lad as a target for mutagenesis suggests that many 
of the sites for inactivation of the lad have been identified. 
Comparisons can be made with the type, number and 
percentage of mutations identified. 



in of the BIG BLUE XLIZ Shuttle Vector, 



SEQ ID NO: 2 
SEQ ID NO: 3 
SEQ ID NO: 4 
SEQ ID NO: 5 



Oligonucleotide 
Oligonucleotide 



The complete disclosures of all patents, patent 
applications, publications, database entries, submissions and 
deposits, including GENBANK deposits and the descriptive 
information associated therewith, and other documents cited 
65 herein are fully incorporated herein in their entireties by 
reference as if individually incorporated. Various modifica- 
tions and alterations of this invention will become apparent 
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to those skilled in the art without departing from the scope 
and spirit of this invention, and it should be understood that 



SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS : 5 

<210> SEQ ID NO 1 
<211> LENGTH : 918 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
Stratagene BIG BLUE lambda LIZ shuttle vector 

<400> SEQUENCE: 1 

tccccatctt gtctgcgaca gattcctggg ataagccaag ttcatttttc tttttttcat 
aaattgcttt aaggcgacgt gcgtcctcaa gctgctcttg tgttaatggt ttcttttttg 
tgctcatacg ttaaatctat caccgcaacg gataaatatc taacaccgtg cgtgttgact 
attttacctc tggcggtgat aatggttgca tgtactaagg aggttgtatg gaacaacgca 
taaccctgaa agattatgca atgcgctttg ggcaaaccaa gacagctaaa gatctcggcg 
tatatcaaag cgcgatcaac aaggccattc atgcaggccg aaagattttt ttaactataa 
acgctgatgg aagcgtttat gcggaagagg taaagccctt cccgagtaac aaaaaaacaa 
cagcataaat aaccccgctc ttacacattc cagccctgaa aaagggcatc aaattaaacc 
acacctatgg tgtatgcatt tatttgcata cattcaatca attgttatct aaggaaatac 
ttacatatgg ttcgtgcaaa caaacgcaac gaggctctac gaatcgagag tgcgttgctt 
aacaaaatcg caatgcttgg aactgagaag acagcggaag ctgtgggcgt tgataagtcg 
cagatcagca ggtggaagag ggactggatt ccaaagttct caatgctgct tgctgttctt 
gaatgggggg tcgttgacga cgacatggct cgattggcgc gacaagttgc tgcgattctc 
accaataaaa aacgcccggc ggcaaccgag cgttctgaac aaatccagat ggagttctga 
ggtcattact ggatctatca acaggagtca ttatgacaaa tacagcaaaa atactcaact 
tcggcagagc taactttg 

<210> SEQ ID NO 2 
<211> LENGTH: 97 
<212> TYPE: PRT 

<213> ORGANISM: Escherichia coli 
<400> SEQUENCE: 2 

Met Val Arg Ala Asn Lys Arg Asn Glu Ala Leu Arg lie Glu Ser Ala 
15 10 15 

Leu Leu Asn Lys He Ala Met Leu Gly Thr Glu Lys Thr Ala Glu Ala 
20 25 30 

Val Gly Val Asp Lys Ser Gin He Ser Arg Trp Lys Arg Asp Trp He 
35 40 45 

Pro Lys Phe Ser Met Leu Leu Ala Val Leu Glu Trp Gly Val Val Asp 
50 55 60 

Asp Asp Met Ala Arg Leu Ala Arg Gin Val Ala Ala He Leu Thr Asn 



Lys Lys Arg Pro Ala Ala Thr Glu Arg Ser Glu Glu He Gin Met Glu 
85 90 95 



Phe 
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-continued 



<211> LENGTH: 446 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: ell gene 
<400> SEQUENCE: 3 

aaaaagggca tcaaattaaa ccacacctat ggtgtatgca tttatttgca tacattcaat 60 

caattgttat ctaaggaaat acttacatat ggttcgtgca aacaaacgca acgaggctct 120 

acgaatcgag agtgcgttgc ttaacaaaat cgcaatgctt ggaactgaga agacagcgga 180 

agctgtgggc gttgataagt cgcagatcag caggtggaag agggactgga ttccaaagtt 240 

ctcaatgctg cttgctgttc ttgaatgggg ggtcgttgac gacgacatgg ctcgattggc 300 

gcgacaagtt gctgcgattc tcaccaataa aaaacgcccg gcggcaaccg agcgttctga 360 

acaaatccag atggagttct gaggtcatta ctggatctat caacaggagt cattatgaca 420 

aatacagcaa aaatactcaa cttcgg 446 



<210> SEQ ID NO 4 
<211> LENGTH : 25 
<212> TYPE : DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE : 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
oligonucleotide 

<400> SEQUENCE: 4 

gatgagttcg tgtccgtaca actgg 25 



<210> SEQ ID NO 5 
<211> LENGTH: 25 
<212> TYPE : DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION : Description of Artificial Sequence: 
oligonuc leotide 



<400> SEQUENCE: 5 
ggttatcgaa atcagccaca gcgcc 



What is claimed is: 

1. A transgenic fish whose genomic DNA comprises a 
recoverable assayable mutation target nucleic acid sequence 
operably linked to a bacteriophage lambda-derived trans- 50 
gene construct; wherein the mutation target nucleic acid 
sequence is recoverable from the transgenic fish, transfer- 
able into a bacterial host, and assayable in the bacterial host 
for the presence of a mutation. 

2. The transgenic fish of claim 1 wherein the assayable 55 
mutation target nucleic acid sequence comprises at least one 
nucleic acid sequence selected from the group consisting of 
the lacl gene, the lacZ gene, the lac promoter sequence, the 
ell gene, the ell mRNA ribosome binding site and the ell 
protein-activated promoter sequence. 60 

3. The transgenic fish of claim 2 wherein the assayable 
mutation target sequence comprises the lacl gene. 

4. The transgenic fish of claim 2 wherein the assayable 
mutation target sequence comprises the ell gene. 

5. The transgenic fish of claim 1 wherein the assayable 65 
mutation target sequence comprises the ell region of bacte- 
riophage lambda. 
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6. The transgenic fish of claim 1 wherein the bacterioph- 
age lambda-derived transgenic construct comprises at least 
one cos site. 

7. The transgenic fish of claim 1 wherein said fish is a 
teleost fish. 

8. The transgenic fish of claim 7 wherein said fish is 
selected from the group consisting of a medaka, a zebrafish, 
a mummichog, a killifish, a channel catfish, a common carp 

9. The transgenic fish of claim 1 wherein said fish is 
sterile. 

10. The transgenic fish of claim 1 that is hemizygous for 
the mutation target nucleic acid sequence. 

11. The transgenic fish of claim 1 that is homozygous for 
the mutation target nucleic acid sequence. 

12. A method for detecting mutations in the DNA of a 
transgenic fish comprising: 

providing a transgenic fish whose genomic DNA com- 
prises a recoverable assayable mutation target nucleic 
acid sequence operably linked to a bacteriophage 
lambda-derived transgene construct; 
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recovering genomic DNA comprising the mutation target 
nucleic acid operably linked to the bacteriophage 
lambda-derived transgene construct; 
transferring the genomic DNA into a bacterial host; and 
bioassaying in the bacterial host for the presence of a 
mutation in the mutation target nucleic acid sequence. 

13. The method of claim 12 wherein the recovering step 
comprises extracting the genomic DNA from the fish to 
yield extracted genomic DNA comprising bacteriophage 
lambda-derived DNA comprising the assayable mutation 
target nucleic acid sequence and chromosomal DNA. 

14. The method of claim 13 wherein the recovering step 
further comprises packaging the bacteriophage lambda- 
derived DNA to yield packaged phage. 

15. The method of claim 14 wherein the transferring step 
comprises introducing the packaged phage into a bacterial 
host. 

16. The method of claim 15 wherein the mutation target 
nucleic acid sequence comprises at least one nucleic acid 
sequence selected from the group consisting of the ell gene, 
the ell mRNA ribosome binding site and the ell protein- 
activated promoter sequence of bacteriophage lambda. 

17. The method of claim 16 wherein the bacterial host 
comprises an hfT E. coli strain. 

18. The method of claim 15 wherein the mutation target 
nucleic acid sequence comprises at least one nucleic acid 
sequence selected from the group consisting of the lad gene, 
the lacZ gene and the lac promoter sequence. 

19. The method of claim 16 wherein the bacterial host 
comprises an E. coli strain that produces a polypeptide that 
complements the polypeptide encoded by the alacZ region 
of the lacZ gene to form active p-galactosidase. 

20. The method of claim 12 wherein the providing step 
comprises providing a transgenic fish that has been or is 
suspected of having been exposed to a mutagen. 

21. The method of claim 12 further comprising exposing 
the transgenic fish to a mutagen prior to recovering the DNA 
comprising the mutation target nucleic acid sequence. 

22. The method of claim 21 wherein the mutagen is 
selected from the group consisting of a chemical, a radio- 
isotope and electromagnetic radiation. 

23. The method of claim 22 further comprising analyzing 
the mutation in the mutation target nucleic acid sequence. 

24. The method of claim 23 wherein analyzing the muta- 
tion comprises determining the nucleic acid sequence of the 
mutation target nucleic acid sequence. 

25. A method for evaluating the mutagenicity of a sus- 
pected mutagen comprising: 

exposing a transgenic fish to a suspected mutagen, 
wherein the genomic DNA of the transgenic fish com- 
prises a recoverable assayable mutation target nucleic 
acid sequence operably linked to a bacteriophage 
lambda-derived transgene construct; 

recovering genomic DNA comprising the mutation target 
nucleic acid sequence operably linked to the bacte- 
riophage lambda-derived transgene construct; 
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transferring the genomic DNA into a bacterial host; and 
bioassaying in the bacterial host for the presence of a 
mutation in the mutation target nucleic acid sequence. 
26. The method of claim 25 wherein the mutation target 
5 nucleic acid sequence comprises at least one nucleic acid 
sequence selected from the group consisting of the lad gene, 
the lacZ gene, the lac promoter sequence, the ell gene, the 
ell mRNA ribosome binding site and the ell protein- 
activated P^ promoter sequence. 
10 27. The method of claim 25 further comprising analyzing 
the mutation in the mutation target nucleic acid sequence. 

28. The method of claim 27 wherein analyzing the muta- 
tion comprises determining the nucleic acid sequence of the 
mutation target nucleic acid sequence. 

29. The method of claim 27 wherein analyzing the muta- 
15 tion comprises determining a mutation spectrum of the 

suspected mutagen. 

30. A method for making a transgenic fish for mutagenesis 
detection, said method comprising microinjecting heterolo- 
gous DNA into a one-cell fish embryo, and incubating the 

20 microinjected embryo such that the embryo develops into a 
fish, wherein the heterologous DNA comprises a recoverable 
assayable mutation target nucleic acid sequence operably 
linked to a bacteriophage lambda-derived transgene 
construct, the mutation target nucleic acid sequence being 

25 capable of being recovered, transferred into a bacterial host, 
and bioassayed in the bacterial host for the presence of a 
mutation. 

31. The method of claim 30 wherein the mutation target 
nucleic acid sequence comprises at least one nucleic acid 

30 sequence selected from the group consisting of the laci gene, 
the lacZ gene, the lac promoter sequence, the ell gene, the 
ell mRNA ribosome binding site and the ell protein- 
activated promoter sequence. 

32. The method of claim 30 wherein the heterologous 
35 DNA is microinjected through the micropyle within about 5 

minutes following fertilization. 

33. A mutagenesis assay system comprising: 

a transgenic fish whose genomic DNA comprises a recov- 
erable assayable mutation target nucleic acid sequence 

40 operably linked to a bacteriophage lambda-derived 
transgene construct; and 
a bacterial cell bioassay system for use in detecting the 
presence of a mutation in the target nucleic acid 
sequence that has been recovered from the transgenic 

45 fish after exposure to a potential mutagen, the bacterial 
cell bioassay system comprising a bacterial cell into 
which the target nucleic acid sequence has been intro- 
duced. 

34. The mutagenesis assay system of claim 33 wherein the 
50 mutation target nucleic acid sequence comprises at least one 

nucleic acid sequence selected from the group consisting of 
the laci gene, the lacZ gene, the lac promoter sequence, the 
ell gene, the ell mRNA ribosome binding site and the ell 
protein-activated promoter sequence. 
55 35. The mutagenesis assay system of claim 33 wherein the 
transgenic fish is sterile. 
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PLASMID-BASED MUTATION DETECTION 
SYSTEM IN TRANSGENIC FISH 

This application claims the benefit of U.S. Provisional 
Application Ser. No. 60/105,751, filed Oct. 26, 1998. 

FIELD OF THE INVENTION 
This invention relates to a transgenic fish carrying a 
plasmid-based marker, and in particular relates to a trans- 
genic fish for use in evaluating the effect of a potential 
mutagen. The transgenic fish is exposed to the mutagen, and 
mutagenesis is detected by assaying for a mutation target 
nucleic acid sequence present as a genomically integrated 
transgene in the transgenic fish. 

BACKGROUND OF THE INVENTION 
The health risk posed by exposure to mutagenic agents in 
the environment remains an important concern as it is 
known that induction of mutations may lead to various 
somatic or inherited diseases. In particular, cancer has been 
shown to result from a series of mutations in specific 
oncogenes and tumor suppressor genes (Vogelstein et al., N. 
Engl. J. Med. 319: 525-532 (1988)). Despite the recognition 
of the role of induced mutation as an important event leading 
to disease, there are few methods available for the assess- 
ment of genetic hazard, or focus on the study of gene 
mutations as they occur at the DNA level in vivo. As a result, 
there is an immediate need to develop sensitive and biologi- 
cally relevant methods that can be applied to the study of the 
mechanisms of mutagenesis and hazard assessment. 

There are two practical requirements common to any 
study of mutagenesis: 1) the specific loci to be examined 
should be sensitive to mutation induction, and 2) the mutants 
must be recovered in sufficient numbers. Until recently, 
progress in the analysis of gene mutations directly at the 
DNA level was limited by the standard molecular techniques 
and the available endogenous genes. During past volts, the 
most relevant assays for induction of transmissible muta- 
tions have been based on the appearance of visible or 
biochemical mutations among the offspring of exposed mice 
(L. B. Russell et si., Mutation Res. 86: 329-354 (1981); L. 
R. Valcovic et al., Environ. Health Perspect. 6:201-205 
(1973); S. E. Lewis et al., Prog. Clin. Biol. Res. 209B. 
359-365 1986)). These tests cannot be practically applied to 
large numbers of compounds because they require extensive 
resources and very large numbers of animals. The tests also 
fail to provide information regarding somatic mutagenesis or 
clustering of mutations, which may be important in the 
understanding of the development of various diseases. 

In order to circumvent some of the problems inherent in 
rodent assays, short-term mutagenicity tests were 
developed, based on the assumption that many of the chemi- 
cals toxic to rodents would also be genotoxic to bacteria. 
However, an analysis by the National Toxicology Program 
(R. W. Tennant et al., Science 236:933-941 (1987)) revealed 
significant differences in results between rodent and bacte- 
rial tests. This failure of predictive correlation may be 
related to: 1) a lack of understanding of the roles mutation 
plays in cell transformation, and 2) differences between 
animals and bacterial cells in terms of exposure, biological 
milieu, metabolism, replication and repair. While compari- 
sons between animals and animal cells in culture provide 
appropriate genomic similarity, there are few known bio- 
logical markers for mutation of cells in culture. The bio- 
logical markers that have been identified are restricted to 
specific cell types and therefore are of limited use for in vivo 
comparisons. 
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There thus remains a need to combine the simplicity of 
short-term in vitro assays with in vivo studies. Ultimately, 
reliable and realistic hazard assessment and informative 
mechanistic studies of mutagenesis require the development 

5 of practical methods for evaluating somatic and genetic 
events in whole animals exposed to environmental agents. 
New approaches that use recombinant DNA and gene trans- 
fer techniques to develop transgenic animal models offer 
significant promise for in vivo studies of mutagenesis, 

10 cancer, birth defects and other diseases (T. L. Goldsworthy 
et al., Fund. Appl. Toxicol. 22:8-19 (1994)). Transgenic 
rodents that carry genes specifically designed for the quan- 
titation of spontaneous and induced mutations are currently 
available and represent a major advance in the study of 

15 mutagenesis by allowing rapid analysis of tissue-specific 
mutations in a whole organism following mutagenic agent 
exposure (J. C. Mirsalis et &\.,Ann. Rev. Pharmacol. Toxicol. 
35:145-164 1995)). 
To be effective, the transgenic approach as applied to 

20 mutagenesis should include the following components: 1) 
unique genes with known sequences; 2) a capacity to 
observe changes at the single gene copy level; 3) an easily 
attainable sample population of sufficient size to allow 
measurement of low frequency events; and 4) the ability to 

2s determine the exact nature of the mutation, independent of 
the host phenotype. Transgenic mutagenesis assay systems 
based on this approach rely on bacteriophage or plasmid 
shuttle vectors to carry a mutation target. The basic principle 
in this approach is that a recombinant gene which carries a 

30 mutation target (shuttle vector) is introduced into a host 
genome. Following exposure to a mutagen, the target gene 
is recovered to serve as an indicator of mutagenesis 
(reviewed by R B. Dubridge et al., Mutagenesis 3(l):l-9 
(1988)). 

35 Shuttle vectors currently in use include both 
bacteriophage-based and plasmid-based vectors. For 
example, the lambda (k) bacteriophage-based recombinant 
vector combines cos site packaging for recovery of the 
phage sequence from the host DNA and uses the lad, lacZ 

40 or ell genes as the target gene (J. S. Lebkowski et al., Proc. 
Natl. Acad. Sci. 82:8606-8610 (1985); J. A. Gossen et al., 
Proc. Natl. Acad. Sci. 86:7971-7975 (1989); J. L. Jakubczak 
et aI,Proc. Natl. Acad. Sci. U.SA., 93:9073-9078 (1996)). 
Another system is based on the pUR288 plasmid vector 

45 which contains the lacZ sequence as the mutation target (M. 
Boerrigter et al. Nature 377:657-659 (1995); M. Dolle et 
al. Mutagenesis 11:111-118 (1996)). In both the X and 
plasmid-based assays, mutation-induced inactivation of the 
lac genes are then detected histologically in E. coli. Another 

50 system is based on the bacteriophage <j>X174 integrated 
shuttle vector in which the vector is recovered by transfec- 
tion. This vector is recovered from the transgenic host, 
transfected into a suitable E. coli host, and mutations at 
specific locations in the phage sequence are identified by 

55 suppressor-mediated selection on permissive and non- 
permissive E. coli (H. V. Mailing et al. Mutation Res. 
212:11-21 (1989); R. N. Winn et al. Marine Environ. Res. 
40(3):247-265 (1995)). 
A fundamental limitation of the bacteriophage-based 

60 mutation detection systems is their apparent inability to 
detect large-scale DNA deletions characteristically induced 
by clastogenic agents such as ionizing radiation (K. Tao et 
al, Proc. Nat'lAcad. Sci, U.SA., 90:10681-10685 (1993)). 
Most deletions reported thus far in the abased systems have 

65 only been 1-23 base pairs in length. Deletions in the range 
of hundreds of base pairs are rarely reported using 
bacteriophage-based mutagenesis detection assays (G. Dou- 
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glas et al., Mutagenesis 9:451-458 (1994)). Current 
estimates, depending upon the particular test system, are that 
up to 90% of radiation-induced mutations are thought to be 
DNA deletions. The bacteriophage shuttle-vector systems 
seem to have an inherent bias against detecting certain types 
of deletions primarily due to restrictive packaging and 
recovery requirements. It is speculated that since two intact 
cos-sites are required for the packaging of a single X. vector, 
any deletions that extend into regions adjacent to a transgene 
concatamer may prevent vector recovery. 

Aplasmid-based process for detecting mutations in whole 
animals is described in Gossen et al. (U.S. Pat. No. 5,602, 
300), but is limited to use in transgenic mammals, namely 
rodents. The plasmid pUR288, which contains a pBR322 
Ori for replication, the ampicillin gene, and the whole lacZ 
gene including the lacZ operator sequence, was inserted into 
a bacteriophage lambda vector and transferred to the germ 
line of a mouse by means of microinjection of fertilized egg 
cells. The lacz-containing plasmid was purified from chro- 
mosomal DNA of a resulting transgenic mouse by treating 
the genomic DNA with a restriction enzyme (also known as 
a restriction endonuclease), then contacting the restriction 
digest to a solid support comprising Lad repressor protein 
(i.e., a lacZ operator binding material) to bind and isolate the 
plasmid. Gossen et al. (Mut. Res. 331:89-97 (1995)) also 
disclose incorporation of the linearized form of the plasmid 
directly into mammalian DNA (without using a bacterioph- 
age vector); and detection of mutations in the lacZ gene by 
plasmid rescue as well as bacteriophage rescue. Vijg et al. 
(U.S. Pat. No. 5,817,290) teach a similar plasmid-based 
method for detection of mutations, except that the plasmid 
vector is recovered by simultaneously excising it from 
genomic DNA and contacting it with the solid affinity 
suppport. 

There remains a need for an improved mutagenesis assay 
detection system capable of detecting mutagenic events that 
may be missed by bacteriophage-based systems. 
Additionally, alternative animal models are needed to extend 
and improve methods used to assess the potential genetic 
health risks posed by exposure to mutagens the environ- 
ment. 

SUMMARY OF THE INVENTION 

A transgenic fish has been developed for use in a plasmid- 
based mutagenesis detection system. The system allows in 
vivo quantitation of By spontaneous and induced mutations 
using a recoverable mutation target nucleic acid sequence 
and assay system. After exposure of the transgenic fish to a 
mutagen, DNA is extracted from the fish tissue, and the 
mutation target nucleic acid sequence is recovered and 
analyzed for mutagenesis, preferably using a bioassay in 
indicator bacteria. In a preferred embodiment, the mutagen- 
esis detection system of the invention is based on the 
pUR288 plasmid. 

The transgenic fish of the invention is one whose somatic 
and germ cells contain at least one genomically integrated 
copy of a plasmid carrying an assayable mutation target 
nucleic acid sequence. The plasmid is preferably one that is 
suitable for cloning into E. coli. The invention further 
provides a transgenic fish gamete, including an transgenic 
fish egg or sperm cell, a transgenic fish embryo, and any 
other type of transgenic fish cell or cluster of cells, whether 
haploid, diploid, triploid or other zygosity having at least 
one genomically integrated copy of a plasmid comprising a 
mutation target nucleic acid sequence. As used herein, the 
term "embryo" includes a single cell fertilized egg (i.e., a 
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zygote) as well as a multicellular developmental stage of the 
organism. Preferably, the plasmid is integrated into the fish's 
somatic and germ cells such that it is stable and inheritable. 
The transgenic fish or fish cell preferably contains a multi- 

5 plicity of genomically integrated copies of the plasmid; 
more preferably, the multiple copies of the plasmid are 
integrated into the host organism's genome in a contiguous, 
head-to-tail orientation. Progeny of the transgenic fish con- 
taining at least one genomically integrated copy of the 

10 plasmid, and transgenic fish derived from a transgenic fish 
egg, sperm, embryo or other fish cell of the invention, are 
also included in the invention. A fish is "derived from" a 
transgenic fish egg, sperm cell, embryo or other cell if the 
transgenic fish egg, sperm cell, embryo or other cell con- 
ns tributes DNA to the fish's genomic DNA. For example, a 
transgenic embryo of the invention can develop into a 
transgenic fish of the invention; a transgenic egg of the 
invention can be fertilized to create a transgenic embryo of 
the invention that develops into a transgenic fish of the 

20 invention; a transgenic sperm cell of the invention can be 
used to fertilize an egg to create a transgenic embryo of the 
invention that develops into a transgenic fish of the inven- 
tion; and a transgenic cell of the invention can be used to 
clone a transgenic fish of the invention. In some preferred 

25 embodiments of the invention, the transgenic fish is sterile. 
The present invention further includes a cell line derived 
from a transgenic fish embryo or other transgenic fish cell of 
the invention, which contains at least one copy of a plasmid 
carrying an assayable mutation target nucleic acid sequence. 

30 The mutation target nucleic acid sequence is preferably 
one having a characteristic or function, or encoding a gene 
product having a characteristic or function, that is detectably 
altered when mutated, thereby allowing the nonmutated 
form of the nucleic acid sequence to be distinguished from 

35 the mutated form. In a particularly preferred embodiment, a 
mutation in the mutation target nucleic acid sequence is 
detectable via bioassay in a bacterial cell, such as an E. coli 
cell, into which a mutation target nucleic acid sequence that 
has been isolated from the fish or fish cell has been intro- 

40 duced. In this regard, a transgenic fish having a triploid 
genome is desirable because triploidy allows larger amount 
of DNA to be recovered. An increase in the amount of DNA 
recovered has many advantages. For example, it allows for 
more efficient detection of the mutation target nucleic acid. 

45 Moreover, fish having a triploid genome are typically sterile, 
which may be desirable for certain applications or studies. 
The assayable mutation target nucleic acid sequence is 
typically heterologous with respect to the fish genome. 
Preferably, the plasmid is integrated into the host organism's 

50 genome in a manner that avoids causing a detectable muta- 
tion in an endogenous gene of the host, thereby avoiding 
undesirably high background levels of mutation and reduc- 
ing the sensitivity of the assay. The use of a smaller vector 
is preferred because the small size reduces the likelihood of 

55 physical disruption of one of the host cell's genes. Preferred 
mutation target nucleic acid sequences include the lad gene, 
the lacZ gene, the lac promoter sequence, and the rpsL gene. 
Preferably, the lacZ gene includes the lacZ promoter. 
In another embodiment, the invention includes a genomi- 

60 cally identical population of transgenic fish, each of whose 
somatic and germ cells contain at least one genomically 
integrated copy of a plasmid comprising an assayable muta- 
tion target nucleic acid sequence. The genomically identical 
population is a unisex population and can be male or female. 

65 Preferred embodiments of the genomically identical trans- 
genic fish population are essentially as described for the 
transgenic fish of the invention. In an alternative 
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embodiment, the invention includes a population of trans- the DNA containing the mutation target nucleic acid 

genie fish, i.e., an in-bred line, the members of which are not sequence is recovered from the transgenic fish or fish cell; 

necessarily genomically identical but are homozygous with and the presence of a mutation in the mutation target nucleic 

respect to genomically integrated plasmid. acid sequence is detected. Optionally, the mutated target 

Also provided is a method for mutation detection utilizing 5 nucleic acid sequence can be analyzed, for example by 

the transgenic fish or fish cell of the invention. This method nucleic acid sequencing and the constructing a mutation 

is useful in evaluating the mutagenicity of various potential spectrum. 

mutagens, such as chemical compounds, radioisotope Mso ^ the invention is a method for maki a 

emissions, and electromagnetic radiation. Mutations are transgenic fish. Heterologous DNAis injected into a one-cell 

detected in a mutation target nucleic acid sequence of a 10 fish embryo, preferably through the micropyle, within about 

plasmid, wherein at least one copy of the plasmid has been 10 minutes following fertilization, preferably within about 5 

integrated into the genomic DNA of the fish or fish cell. minutes foUowing fertilization. A method for making a 

DNA containing the mutation target nucleic acid sequence is , ransgen ic fish for mutagenesis detection includes microin- 

first recovered from the transgenic fish or fish cell, prefer- jecting hete rologous DNA into a one-cell fish embryo, 

ably by extracting the fish or fish cell DNA from the fish or 15 w h er ein the heterologous DNA comprises a mutation target 

fish cell, then cleaving the extracted DNA with a restriction nucleic acid sequencej such as a lacZ gene . 

endonuclease to yield at least one DNAfragment comprising ~, . .. , . . , c , , A . 

the mutation target nucleic acid sequence derived from the ™e lnventl ° t n further ^ udes a . klt for detectl °g 

plasmid, and multiple DNA fragments comprising chromo- ™ transgenic fish comprising a genomically 

somal DNA. The DNA fragment that includes the mutation 20 ^f*™ , C T pnSmg a mutauon target nucleic 

target nucleic acid sequence preferably includes substan- aCld : J b& ^ chides, separately packaged, a hos 

.. , "J i.u u . • c restriction-negative bacterial strain and a solid support that 

tially the entire plasmid, although it can contain a portion of . . , , . j. „ . , r , . ,. "\ 

the Jlasmid DNA, as long as it contains the mutation target mcl " des f b f mdln § mate " a ' ca P ab ! e , °J bmdm g at least . a 

nucleic acid sequence. Optionally, the method of mutation portl0n of th * plasmld Wbe , n ^ t0 detect muta S enesis ™ 

detection farther comprises separating the DNA fragment 25 a trans S eMC / sh ha ™§ «f* ^ B?« f lts m " tar S et 

comprising the mutation target nucleic acid sequence from ° UC eiC aCld the bactenal stram is preferably a 

the multiple chromosomal fragments to isolate the mutation host restriction-negative, lacZ galE E. coh strain, and the 

target DNA, although it should be understood, flat separa- Sol f ™™ 0T < Vf™^ mcludes a lac binding 

tion of the cleaved fragments comprising the mutation target ™ ttT £ S " C , h aS P^alac osidase/LacI repressor fusion pro- 

DNA from the remaining chromosomal DNA is not required 30 ^ The ^ «n ° P tionaUy contain one or more additional 

by the present method If separation of the fragments is "> m P one ^> f ucb as a binding buffer to promote binding of 

performed, the cleavage and the separation steps can be the P laSD f d the sohd support, one or more restnction 

c . „ f _c j . enzymes to excise the plasmid from the genomic DNA of the 

performed sequentially, or they can be performed simulta- , J . _ , - - . «■ , ,- c 

r . T , ii f a u a- . f »u transgenic fish, an excision buffer, and a ligation for circu- 

neously. In a particularly preferred embodiment of the . . °. c ' . . , ftU 

i cu ■ .■ u - .u « . . 1 • lanzation 01 the excised plasmid prior to introduction of the 

method of the invention, wherein the mutation target nucleic 35 , ■ , • , . . m. i- .• u a * ui 

acid sequence contains the lacZ gene, cleaved DNA frag- P las t mld mt ,° the bacte " al h ° st : The b^tion buffer preferably 

ments are separated by contacting the fragments with an ™ ntams a h f ^ such « ™ binding buffer and 

„ Z* 1 v „ , 1^. j- „ t . , the excision buffer can, but need not be, the same buffer, so 

aflmity support comprismg a lacZ operator binding material „ ... .. ... , .. ... ,. 

so as to immobilize the DNA fragment containing the as to allow simultaneous excision of the plasmid and binding 
mutation target nucleic acid sequence. After washing away 40 ° f the pla$mid ,0 th6 S ° hd SUpP ° rt ' 
the unbound DNA fragments, the bound DNA fragment is BRIEF DESCRIPTION OF THE DRAWINGS 
eluted from the support. The method further includes detec- 
tion of the presence of a mutation in the mutation target FIG - 1 « a schematic representation of plasmid pUR288 
nucleic acid sequence. Where the mutation target nucleic Ox- 
acid sequence contains the lacZ gene, mutations in the gene 45 Riither et al., EMBO J. 2(10):1791-1794 (1983); J. Gos- 
are preferably detected by transforming a host restriction- sen et al., Mut. Res. 331:89-97 (1995); Gossen et al. (U.S. 
negative, lacZ" - , galE" bacterial host with cleaved DNA Pat. No. 5,602,300)). 
comprising the mutation target nucleic acid sequence 

(whether or not the DNA fragments containing chromo- DETAILED DESCRIPTION 

somal DNA have been separated out); culturing the trans- 50 The present invention provides a transgenic fish and fish 

formed bacteria on a lactose-containing or lactose analogue- cell, along with methods for detecting mutations in the DNA 

containing medium; and selectively detecting a bacterial of a transgenic fish or a transgenic fish cell. The DNA of the 

host that contains a mutation in the lacZ gene. Growth of the transgenic fish of the invention contains one or more copies 

bacterial host is indicative of the existence of a mutation in 0 f a linearized plasmid containing a mutation target nucleic 

the lacZ gene. Optionally, prior to transforming the bacterial 55 acid sequence, preferably a lacZ gene. Preferably, the lacZ 

host, the DNA comprising the mutation target nucleic acid gene includes the lacZ operator sequence. In a particularly 

test region is ligated to yield a circular DNA that is more preferred embodiment of the transgenic fish and method of 

efficiently electroporated. Also optionally, mutations in the the invention, the entire lacZ gene serves as the mutation 

mutation target nucleic acid sequence can be further target, and the lacZ operator sequence provides an oppor- 

analyzed, for example by nucleic acid sequence determina- 60 tunity for rapid and efficient purification of DNA. To detect 

tion. When used to evaluate the mutagenicity of a particular mutations in the target gene, the plasmid is first rescued from 

agent, condition or event, the method further comprises, the fish genomic DNA by extracting DNA from the cells of 

prior to extracting the fish DNA, exposing the transgenic fish the transgenic fish or the transgenic fish cell, then the 

or fish cell to the suspected mutagen. isolated DNA is fragmented, preferably by treatment with a 

The invention further includes a method for evaluating the 65 restriction enzyme selected to excise the plasmid DNA from 

mutagenicity of a suspected mutagen. A transgenic fish or the chromosomal DNA. The plasmid-derived DNA is 

fish cell of the invention is exposed to a suspected mutagen; optionally isolated from the remaining genomic DNA, pref- 



US 6,472,583 Bl 



erably by contacting the restriction digest with an affinity 
support containing a binding material that preferentially 
binds to a nucleic acid sequence in the plasmid-derived 
DNA. In embodiments wherein the mutation target nucleic 
acid sequence includes the lacZ gene, the affinity support 
preferably includes a binding material that binds the lacZ 
operator, for example as |3-galactosidase/LacI repressor 
fusion protein (also known as a LacZ/LacI fusion protein. 
DNA that does not bind to the binding material is removed, 



inbreeding within the population rather than by mating with 
non-genomically identical fish (see, e.g., D. C. Streisinger et 
al., Nature, 291:293-296 (1981); W. Driever et al., Trends 
Genet., 10 (5): 152-159 (1994)). Zygosity of the genomi- 
cally identical population can be haploid, diploid or triploid. 
A genomically identical population is a single sex (unisex) 
population and can be male or female. A genomically 
identical female population can be produced, for example, 
by gynogenesis, wherein sperm is used to activate the egg 



and the plasmid-derived DNA is eluted from the support. 10 but does not contribute genomic DNA to the developing 
The plasmid-derived DNA is optionally circularized, then organism (J H. Postlethwait et al., Trends Genet., 13(5) 
transformed into a bacterial host wherein a bioassay can be :183-190 (1997)). Methods for making a genomically iden- 
performed to detect the existence of a mutation in the tical male population include heat shock, pressure shock, or 
mutation target nucleic acid sequence. In a preferred irradiation, in combination with appropriate breeding tech- 
embodiment wherein the mutation target nucleic acid 15 niques. 

sequence comprises a lacZ gene, the bacterial host is pref- Although introduction of the plasmid into a host fish cell 

erably a restriction-negative, lacZ , galE bacterial host. is no t limited to any particular mode of delivery, microin- 

In that system mutants are identified by culturing the trans- j ec tion is preferred. Microinjection is labor-intensive and 

formed bacterium on a lactose-containing or lactose time-consuming, but when practiced in accordance with the 

analogue-containing medium. Only bacteria which exhibit 20 pre sent invention results in a greater likelihood of introduc- 

partial or no P-galactosidase activity can grow on this mg the DNA into the cell nucleus as opposed to the 

medium; growth is thus indicative of a mutation in the lacZ cytoplasm. While advances have been made relating to other 

gene. If desired, the mutated target nucleic acid sequence methods of gene transfer such as electroporation of eggs 

can be sequenced to determine the type, location and extent ( e . g . ( K. Inoue et al., Cell Differ. Dev. 29(2):123-128 (1990); 

of mutation, using, for example, a modified polymerase 25 p. Muller et al., FEBS Lett., 324 (l):27-32 (1993); Y. 

chain reaction (PCR) method or subdloning. Murakami et al., J. Biotechnol., 34 (1):35^2 (1994); F. 

Various agents can be tested for mutagenic properties by Muller et al., Mol. Mar. Biol. Biotechnol. 1 (4-5):276-81 



exposing one or more transgenic fish of the invention to a 
suspected mutagen, then detecting mutations in the mutation 
target, e.g., the lacZ gene as described herein. In an analo- 
gous manner, the mutagenicity of various agents can be 
tested in vitro using cultured transgenic fish cells of the 
invention. The term "mutagen" is to be broadly understood 
as meaning any mutagenic or potentially mutagenic agent, 



(1992)) and sperm (Symonds et al., 1994; D. A. Powers et 
al, Mol. Mar. Biol. Biotechnol., 1 (4-5):301-8 (1992)); 
particle gun bombardment (A. V. Zelenin et al., FEBS Lett., 
287 (l-2):118-20 (1991); liposomes (J. Szelei et al., Bio- 
chem. J., 259 (2):549-53 (1989); and retroviral vectors (J. K. 
Lu et al.,Mo/. Mar. Biol. Biotechnol., 6 (4):289-95 (1997)); 
these procedures only rarely result in transgen integration 



event, or condition including a mutagenic chemical 3S and germline transmission in fish (K. Inoue et al., Cell Differ. 

compound, such as a toxicant; radioactivity, including but Dev. 29(2):123-128 (1990). Nonetheless, the invention is 

not limited to alpha, beta, or gamma emissions from an not intended to be limited to any particular method of 

radioisotope; electromagnetic radiation of any wavelength introducing the heterologous DNA into the host organism, 

or frequency, such as x-ray, ultraviolet, or infrared radiation; Preferably, the plasmid sequences are stably integrated into 

exposure to a magnetic field or an electromagnetic field 40 the host genome and are inheritable. 

(EMF), and the like. The p i asm id used to transform the fish contains an assay- 

The transgenic fish or fish cell of the invention comprise able mutation target nucleic acid sequence. An "assayable" 

one or more copies of the plasmid containing the mutation mutation target nucleic acid sequence is one wherein a 

target nucleic acid sequence. A transgenic fish whose mutated form of the nucleic acid sequence can be distin- 

somatic and germ cells comprise at least one genomically 45 guished from the nonmutated form of the nucleic acid 

integrated copy of the plasmid represents a preferred sequence, either directly or indirectly, as by using a labora- 

embodiment; more preferably, multiple copies of the plas- tory assay or other detection procedure. For example, muta- 



e genomically integrated into the somatic and germ 
cells of the fish, most preferably in a head-to-tail orientation. 
The transgenic fish of the invention is preferably a teleost ; 
(boney) fish, but also includes a cartilaginous fish. 
Conveniently, the transgenic fish can be selected from 
among the well-known group of laboratory model fish which 
include medaka, zebrafish, mummichog, killifish, channel 



catfish, 

dulus spp. (for example, mummichog or killifish) are par- 
ticularly preferred. In a highly preferred embodiment, the 
transgenic fish of the invention are the Japanese medaka (p. 
latipes) and the estuarine killifish (F. heteroclitus). 

The invention also provides a genomically identical popu- 
lation of transgenic fish, each fish comprising one or more 
copies of the plasmid containing a mutation target nucleic 
acid sequence. A "genomically identical" population of 
transgenic fish is one wherein each fish has the same 
genomic DNA as the others in the population; this can also 
be referred to as a clonal population. Members of a genomi- 
cally identical population are produced by cloning or 



1 of the mutation target nucleic acid sequence can result 
in a detectable change in the function of the nucleic acid 
sequence, or of a gene product encoded thereby. Preferably, 
the presence or absence of a mutation in the nucleic acid 
sequence is detectable by way of a chemical or biological 
assay. Preferably, the mutation target nucleic acid sequence 
includes a lad gene, a lacZ gene, a lac promoter sequence or 



carp and trout. Medaka, zebrafish or Fun- 55 an rpsL gene from E. coli. More preferably, it includes a lacZ 
gene, most preferably a lacZ gene that includes a lacZ 
operator. Inclusion of the lacZ operator allows rapid and 
efficient purification of the plasmid, as described above. 
Optionally the plasmid further includes an origin of repli- 
) Cation (an ori), preferably a pBR322 ori, a selection marker 
gene, or both. A selection marker gene typically encodes a 
polypeptide which can confer a phenotypic characteristic to 
the transformed cell, such as antibiotic resistence, test com- 
pound metabolism, and the like. An ampicillin-resistance 
> gene is an example of a suitable a selection marker gene. A 
representative preferred embodiment of the plasmid used to 
transform the fish according to the invention is pUR288 
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(FIG. 1). The plasmid pUR288 contains certain features by first extracting DNA from the cells of the fish or fish cells, 

common to preferred plasmids of the invention, namely the then the fragmenting the isolated DNA by treatment with a 

entire lacZ gene sequence (as the mutation target gene) restriction endonuclease selected to excise the plasmid DNA 

including the lacO sequence (to allow affinity capture with from the chromosomal DNA. Techniques for genomic DNA 

the Lad repressor protein), together with the ColEl and a 5 extraction are well-known and any convenient method can 

marker gene, in this case the amp* gene, to allow propaga- be employed; however methods particularly suited for fish 

tion and selection in E. coli (U. Riither et al., EMBO J. are performed using gentle tissue homogenation and pro- 

2(10): 1791-1794 (1983)). The plasmid contains restriction teolytic digestion at about 37° C. as described further in 

sites, such as Hindlll restriction sites in the case of pUR288, Example I . The restriction endonuclease recognizes restric- 

positioned to allow excision of the genomically integrated 10 tion sites flanking the lacZ operon which have been engi- 

plasmid from the fish DNA. These restriction sites are neered into the plasmid, so as to cut out or excise the DNA 

located at or near each of the two ends of the linearized 0 f the plasmid. It should be understood that the plasmid is 

plasmid and thus flark the lacZ gene. The plasmid is considered to be excised if the restriction enzyme liberates 

incorporated directly into the fish DNA in a linearized form. the entire mutation target region (e.g., the lacZ gene); in 

Preferably, the plasmid vector used for transformation of the 15 ot her words, the restriction sites are at or near the two ends 

fish host cell comprises multiple end-to-end copies of the G f the linearized plasmid and the plasmid thus released may 

plasmid in a concatemeric configuration. The restriction be somewhat truncated in comparison to the plasmid origi- 

sites are positioned between each copy of the plasmid, such na ll y transformed into the fish or fish cell. This could occur, 

that digestion with the appropriate restriction endonuclease f or example, where the restriction endonuclease used to 

releases monomeric plasmid sequences (single copies of the 20 liberate the plasmid is different from the restriction endo- 

plasmid). It is not necessary, nor is it desirable, to insert the nuclease used to linearize the plasmid prior to introduction 

plasmid into a bacteriophage vector prior to insertion into into the fish or fish cell. Preferably, the restriction endonu- 

the host's chromosomal DNA. clease does not recognize a restriction site internal to the 

In a preferred embodiment, the plasmid is one that is mutation target nucleic acid sequence. When pUR288 is 

suitable for transformation of bacteria, preferably E. coli. A 25 used as the plasmid, a convenient restriction enzyme is Hind 

host restriction-negative bacterial cell is preferred for use in III. 

the bioassay to detect the presence of mutations in the if desired, the fragmented DNA present in the resulting 
mutation target nucleic acid sequence. In a host-restriction restriction digest can be subjected to a separation protocol 
negative bacterial cell, degradation of methylated plasmid that separates the fragments containing the plasmid-derived 
DNA is prevented (the plasmid DNA is likely to have been 30 mutation target nucleic acid sequence from the remaining 
methylated while in the fish host). When the mutation target fragments containing chromosomal DNA. Isolation of 
nucleic acid sequence includes the lacZ gene, the preferred plasmid-derived DNA fragments can be effected using any 
host cell is a host restriction-negative, lacZ"", galE" E. coli convenient means such as affinity chromatography, gel 
strain. Non-mutant colonies do not survive in this preferred electrophoresis, size exclusion chromatography, centrifuga- 
selection system; only those cells which have incorporated 35 tion or S pin filtration, dialysis, and the like. Because of the 
a mutated plasmid will grow after plating on the lactose- efficiency of genomic integration, separation of the DNA 
containing or lactose analogue-containing medium. E. coli fragments is optional, and the bacterial host can be trans- 
cells that have incorporated a non-mutated plasmid will formed with either isolated or nonisolated plasmid-derived 
convert lactose or its analogue to galactose as a result of the DNA fragments. When the mutation target nucleic acid 
presence of p-galactosidase. Further conversion of galactose 40 sequence comprises the lacZ gene including the lacZ 
is however not possible in the bacterial host due to the operator, the fragmented DNA is preferably and conve- 
mutation in the galE gene. This leads to an accumulation of niently subjected to affinity purification using a lacZ- 
the toxic by-product UDP-galactose, whereby the host cell operator binding material. The lacZ operator binding mate- 
dies. Mutant colonies that produce no P-galactosidase sur- rial binds the lacZ operator present in the plasmid DNA. 
vive because they do not convert the lactose or the lactose 45 Affinity binding of the plasmid is preferably carried out on 
analogue to galactose. Mutants that exhibit residual levels of a solid support, more preferably on solid particles, most 
P-galactosidase activity also may grow to some degree on preferably on magnetic beads. The support is coated with a 
media containing lactose or a lactose analogue (M. i ac Z operator binding material. The lacZ operator binding 
Boerrigter,£«v. Mol. Mutagenesis 32, 148-154 (1998) and material preferably comprises a protein. A lacZ operator 
are thereby distinguishable from nonmutants, which do not 50 binding protein can be an antibody with affinity for the lacZ 
grow at all. It should be understood that the invention is not operator, LadI repressor protein, or a Lad repressor fusion 
limited to the use of E. coli as the bacterial host; other types protein such as lad repressor/p-galactosidase fusion protein 
of bactena can also be used as long as suitable vector 0 r a Lad repressor/Protein A fusion protein. This material 
plasmids and host-restriction negative strains are available. can be bound directly to the solid support but is preferably 

The plasmid is, of course, heterologous with respect to the 55 bound indirectly to the solid particles. Beads and reagents 

host fish, the terms "heterologous" and "exogenous" being are commercially available from Dynel (Oslo, Norway), 

used herein interchangeably to denote nucleic acid Anti-Pgalactosidase and LacI repressor/p-galactosidase 

sequences that have been inserted in to a host organism, but fusion protein are typically successively bound to the solid 

are not found in the normal genetic complement (i.e., particles. After contact of the organism's genomic DNA with 

genome) of the host organism. A gene that is heterologous 60 the solid support and removal of the unbound DNA 

with respect to an organism into which it has been inserted fragments, the bound DNA fragment is eluted from the 

or transferred is sometimes referred to herein as a "trans- support using one or more agents having greater affinity for 

gene."A"transgenic" animal or host is an animal having one the LacI repressor or the lacZ operator than the LacI 

or more cells that contain exogenous (heterologous) nucleic repressor and the lacZ operator have for one another, 

acid sequences, including expression vectors. 65 Preferably, plasmid DNA is released from the solid support 

Mutations in the mutation target nucleic acid harbored by using isopropyl P-D-thiogalactoside (IPTG), which elimi- 

the transgenic fish or fish cell of the invention are detected nates the binding between the LacI repressor and the lacZ 
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operator. Affinity purification typically removes essentially 
all the excess chromosomal DNA, and circularization of the 
plasmid can be efficiently performed thereafter in a small 
volume. 

Prior to transformation into the bacterial host, the 
plasmid-derived DNA is preferably circularized by ligation, 
for example enzymatic ligation using T4 ligase. The 
plasmid-derived DNA is then transformed into the bacterial 
host using methods well-known in the art. Typically, the 
circularized plasmid is electroporated into the bacterial host. 
Mutants are identified by selective growth on the culture 
medium, as described herein. 
Mutation Analysis 

The transgenic fish of the invention can be used for 
mutagenesis testing by exposing it to potential mutagenic 
agent. A mutated target sequence can be subjected to nucleic 
acid sequencing to determine the mutation spectrum char- 
acteristic of a particular mutagen, or of a particular tissue, or 
of the action of a particular mutagen on a particular tissue. 
Mutation spectra reflect the frequency of certain specific 
types of mutations in a population of mutants. Types of 
mutations include, for example, nucleotide transitions (G/C 
to A/T and A/T to G/C), nucleotide transversions (G/C to 
T/A, G/C to C/G, A/T to T/A, and A/T to C/G), and 
frameshift mutations (e.g., +1, +2, -1 and -2). Alternatively, 
mutations can be identified using single nucleotide poly- 
morphism analysis, or any other method known in the art for 
identifying or detecting single site mutations, insertions, 
deletions and frameshifts. 

The mutation spectrum of a population of mutants can 
provide much useful information. The spectrum may be 
characteristic of a particular mutagen or class of mutagens, 
and can help identify the nature of the mutagenic compound. 
In some instances, a change in the mutation spectrum, 
relative to the mutation spectrum of a control group, may be 
evident even though the differences in mutation frequencies 
(experimental vs. control) are not statistically significant. 
Mutation spectra analysis may also provide insight into the 
possible mechanism(s) of action of a particular mutagen, in 
different organs and tissues. In addition, mutation spectra 
analysis can yield information about the sensitivity of dif- 
ferent organs or tissues to a particular mutagen. 
Advantages of a Plasmid-based Mutation Detection System 

Aplasmid-based mutation detection system has a distinct 
advantage over other transgenic mutation detection systems 
in that it is able to detect a wide spectrum of mutations, 
particularly large sequence deletions or rearrangements 
induced by clastogenic agents such as radiation. Piasmid 
recovery is not as size-dependent as it appears to be the 
bacteriophage-X sequences, due to X's special requirements 
for in vitro packaging. Thus, large sequence deletions 
extending into the flanking regions of the host chromosomal 
DNA are detectable in the plasmid-based system. As a result, 
all types of DNA rearrangements, including the large-scale 
structural DNA alterations induced by such agents as ion- 
izing radiation, can be detected with the lacZ mutation target 
in this system, not just point mutations (J. Gossen et al., Mut. 
Res. 331:89-97 (1995)). There are currently no other trans- 
genic in vivo mutation detection systems that have demon- 
strated comparable capabilities. 

The small size of a plasmid vector compared to a bacte- 
riophage vector also provides several important advantages 
over bacteriophage-based mutation detection systems. Its 
smaller size facilitates genomic integration of multiple cop- 
ies of the plasmid. For example, pUR288 is about 5.5 kb, 
approximately Vio the size of the bacteriophage X (-50 kb). 
The transgenic fish of the invention thus preferably carries 
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multiple copies of the plasmid sequence which can be 
transmitted to its offspring. The small size of the plasmid 
also greatly simplifies requirements of DNA extraction, 
making recovery of the mutation marker more efficient. 

5 Incorporation of the lacO sequence in the plasmid vector in 
accordance with the present invention allows plasmid DNA 
to be purified from restriction-enzyme digested genomic 
DNA of the fish in a single step using high capacity Lad 
repressor magnetic beads, further increasing yields of the 

10 mutation marker. For example, pUR288 recovery is over 25 
times more efficient than X sequence recovery (J. Gossen et 
al., Mut. Res. 331:89-97 (1995)). In addition to detecting a 
wider range of mutations, the plasmid-based system of the 
present invention is thus also more cost-effective than 

15 bacteriophage-based systems, and mutations can be accu- 
rately determined based on large numbers of colony forming 
units using small amounts of tissue. In addition, mutations 
are detected by a selective rather than a color procedure 
which reduces ambiguity in analyses. 

20 Host Organism 

There are many advantages to the use of fish to detect 
mutagenic agents or events. Fish are environmentally rel- 
evant models for health risk assessment of aquatic and 
marine systems. There is also increasing appreciation of 

25 their suitability for biomedical applications. The fish is an 
alternative, nonmammalian animal model that can be used to 
refine, reduce or replace traditional animal models used in 
research and testing. Fish are easily handled, manipulated, 
and observed without compromising natural development, 

30 and present opportunities for studies on multiple exposure 
routes via aqueous media. They exhibit excellent agent- 
specific responses to a variety of toxicants. Teleost fish, also 
known as the modem boney fishes, constitute the largest and 
most diverse division of vertebrates, with over 20,000 

35 known species. Their diversity and phylogenetic positions 
make them ideal for comparative toxicological studies, 
which may allow more insight into basic mechanisms than 
would studies limited to mammalian models alone (D. A. 
Powers, Science 246:352-358 (1989)). Certain teleost fish, 

40 commonly referred to as laboratory aquarium fish or labo- 
ratory model species, have been extensively studied in 
research settings and are thus especially well-suited as 
transgenic hosts. Laboratory model species include, but are 
not limited to, medaka (Oryzias latipes), zebrafish (Danio 

45 rerio), mummichog {Fundulus heteroclitus), killifish 
(Fundulus spp.), channel catfish (Ictalurus punctatus), com- 
mon carp (Cyprinus carpio) and trout (Salmo gardneri). 
Cartilagenous fish such as sharks and rays, also known as 
chondrichthyes fish, are also suitable transgenic host organ- 

50 isms. 

In addition to playing an important role in comparative 
mutagenesis studies, it is anticipated that the transgenic fish 
models may ultimately facilitate a broad range of exposure 
regimens such as long-term low-dose chronic exposures, 

55 controlled field-based in situ exposures or large-scale 
mesocosms, that were previously difficult or impossible to 
perform. Fish can be conveniently used for zygote-to-adult 
exposure studies, and offer flexibility in study designs 
related to numbers of exposure groups and exposure sched- 

60 ules. 

Fish eggs are relatively large, abundant, and often 
translucent, and can be fertilized in vitro. The resulting 
embryos are easily maintained and develop externally, obvi- 
ating the need for reintroduction of the embryo into a 
65 receptive female. In addition, laboratory analyses can gen- 
erally be performed more rapidly and at lower cost com- 
pared to rodent assays. 
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Heterologous genes have been introduced into fish begin- 
ning in 1984. Among these heterologous genes that have 
been introduced into fish include genes that code for growth 
hormones (human, rat, rainbow trout), chicken delta- 
crystalline protein, E. coli P-galactosidase, E. coli 
neomycin-resistance, and anti-freeze protein. However, 
numerous problems have been encountered in producing 
transgenic fish having stable, inheritable genomically inte- 
grated transgenes. For example mosaicism, which results 
from the failure of the transgene to integrate into the host's 
genomic DNA at the first mitotic division, is a common 
problem in the creation of transgenic fish. Mosaic organisms 
do not contain the transgene in every somatic and germ cell, 
and thus may not be capable of producing transgenic off- 
spring. Mosaicism is presumed to arise from fact that 
microinjection of heterologous DNA into a fish embryo 
often delivers the heterologous DNA to the cytoplasm rather 
than the cell nucleus. 

Despite the evolutionary distance between fish and 
humans, there is increasing evidence for correlation between 
environmentally-induced fish and human diseases. Fish can 
be exposed to different concentrations of known or sus- 
pected toxicants and can provide fundamental information 
related to substance toxicity and carcinogenicity/ 
mutagenicity. The use of fish in carcinogenesis research, in 
particular, has received considerable attention related to the 
potential of fish for identifying and predicting human health 
effects (W. F. Hawkins et al., Chapter 14 in G. M. Rand, ed., 
Fundamentals of Aquatic Toxicology: Effects, Environmen- 
tal Fate, and Risk Assessment, Taylor and Francis. 421-446 
(1995); J. D. Hendricks, In L. J. Weber, ed., Aquatic 
Toxicology, Raven Press, New York. 149-211 (1982); J. J. 
Black, In J. Saxena, ed., Hazard Assessment of Chemicals: 
Current Developments, Vol. 3. Academic Press, New York. 
181-232 (1984); C. D. Metcalfe, CRC Rev. Aquat. Sci. 
1:111-129 (1989)). The fact that many fish species appear to 
be sensitive to the carcinogenic effects of certain chemicals 
while having low spontaneous rates of neoplasia supports 
the use of fish in various assays as alternatives or supple- 
ments to rodent chronic bioassays (G. D. Bailey et al., 
Envirion. Health Perspect. 71:147-153 (1987); T. Ishikawa 
et al, J. Toxicol. Environ. Health 5:537-550 (1979); P. 
Masahito et al., Jpn. J. Cancer Res. 79:545-555 (1988)). 

The genetics, developmental biology and embryology of 
medaka (Oryzias latipes) are well-documented, and specific 
developmental stages have been extensively characterized 
(TO. Yamamoto, Medaka (killifish): Biology and Strains. 
Keigaku Publishing Co., Tokyo, Japan. (1975)). Medaka is 
typically used to study aspects of various diseases in which 
large numbers of experimental organisms are required, such 
as in low-dose risk assessment, as well as to examine factors 
that only slightly increase hazard exposure risk (W. W. 
Walker, W. E. Hawkins, R. M. Overstreet, and M. A. 
Friedman, "A small fish model for assessing cancer risk at 
low carcinogen concentrations," Toxicologist 302 (1992)). 
The use of medaka in biomedical research, especially as a 
carcinogenesis model related to the potential for identifying 
and predicting human effects from toxicant exposure, has 
received considerable attention in recent years (W. E. Hawk- 
ins et al., Chapter 14 in G. M. Rand, ed., Fundamentals of 
Aquatic Toxicology: Effects, Environmental Fate, and Risk 
Assessment, Taylor and Francis. 421-446 (1995); J. D. 
Hendricks, In L. J. Weber, ed., Aquatic Toxicology, Raven 
Press, New York. 149-211 (1982); J. J. Black, In J. Saxena, 
ed., Hazard Assessment of Chemicals: Current 
Developments, Vol. 3. Academic Press, New York. 181-232 
(1984); and C D. Metcalfe, CRC Rev. Aquat. Sci. 1:111-129 
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(1989)). The sensitivity of medaka to many carcinogens, the 
availability of specimens, and the degree of control that can 
be maintained over extraneous factors all contribute to this 
small fish being one of the most widely used species for 

5 studies in comparative toxicology (W. E. Hawkins et al., 
Chapter 14 in G. M. Rand, ed., Fundamentals of Aquatic 
Toxicology: Effects, Environmental Fate, and Risk 
Assessment, Taylor and Francis. 421-446 (1995)), the biol- 
ogy of hepatic neoplasia (D. E. Hinton et al., Aquat. Toxicol. 

10 11:77-112 (1988)), oncogene activation (R. J. Van Beneden 
et al„ Cancer Res. 50:5671s-5674s (1990)), DNA repair (T. 
Ishikawa et al., Natl. Cancer Inst. Monograph 65:35-43 
(1984)), and mutagenesis (R. N. Winn et al., Marine Envi- 
ron. Res. 40(3):247-265 (1995)). 

is Medaka offer numerous advantages for transgenic devel- 
opment such as small size (about 2.5 cm), relatively short 
generation time (1-2 months), and prolific capacity to repro- 
duce (more than 3,000 eggs/female in a single breeding 
season). Spawning can be induced year-round by maintain- 

20 ing breeding stocks at 25-28° C. and eggs usually hatch in 
10 days at 25° C. Eggs are translucent, which greatly 
facilitates the positioning of fine glass needles for DNA 
microinjection. Medaka was the first transgenic fish species 
produced to demonstrate successful foreign gene expression 

25 (K. Ozato et al., Cell Differ. 19:237-244 (1986)). 
Subsequently, numerous transgenic medaka have been pro- 
duced that carry a variety of transgenes (e.g. K. Inoue et al., 
Cell Difer. Dev. 27(l):57-68 (1989); E. Tamiya et al, 
Nucleic Acids Res. 18:1072 (1990); K. Inoue et al., Cell 

30 Differ. Dev. 29(2):123-128 (1990); J. Lu et al., Mo/. Marine 
Biol, and Biotechnol. l(4/5):366-375 (1992); H. J. Tsai et 
al., Mol. Mar. Biol. Biotechnol. 4(l):l-9 (1995); R. N. Winn 
et al., Marine Env. Res. 40(3):247-265 (1995)). However, 
transgenic Fundulus have been produced only once (R N. 

35 Winn et al., Marine Environ. Res. 40(3):247-265 (1995)). 
As noted above, the invention is intended to further 
encompass progeny of a transgenic fish containing a 
genomically integrated plasmid comprising a mutation tar- 
get nucleic acid sequence, as well as transgenic fish derived 

40 from a transgenic fish egg, sperm cell, embryo, or other cell 
containing a genomically integrated plasmid comprising a 
mutation target nucleic acid sequence. "Progeny," as the 
term is used herein, can result from breeding two transgenic 
fish of the invention, or from breeding a first transgenic fish 

45 of the invention to a second fish that is not a transgenic fish 
of the invention. In the latter case, the second fish can, for 
example, be a wild-type fish, a specialized strain of fish, a 
mutant fish, or another transgenic fish. The hybrid progeny 
of these matings have the benefits of the transgene for 

50 mutation detection combined with the benefits derived from 
these other lineages. 

EXAMPLES 

The following examples, while exemplary of the present 
55 invention, are not to be construed as specifically limiting the 
invention. Accordingly, variations and equivalents, now 
known or later developed, that would be within the purview 
of one skilled in the art are to considered to fall within the 
^ scope of this invention. 

Example I 

Creation of a Transgenic Fish 
Preparation of plasmid DNA 
65 The pUR288 plasmid DNA was provided by Michael 
E.T.I. Boerrigter (Leven, Inc., Bogart Georgia). In order to 
enhance integration of multiple copies of the plasmid 
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pUR288, the DNA was cut with a restriction enzyme (Hind blotting pads on petri dishes moistened with si 

III; New England BioLabs), and then ligated into a ladder of about 14 days until hatching, 

multiple copies (4 minute ligation at 4° C. with T4 ligase Analyses of Presumptive Transgenic Fish 

(New England BioLabs), 0.5 mm ATP, 0.06 units//<l ligase, Fifteen founders were obtained from the 139 medaka 

lxligase buffer). DNA was brought to 750 /A volume with 5 tested (11%), and seven out of the 15 exhibited germline 

TE (TE: 10 mM Tris, 1 mM ethylenediaminetetraacetic acid transmission (47%). In the Fundulus, out of 116 fish tested, 

(EDTA)) and extracted twice with phenol/chloroform, once 25 were positive (22%). Thirteen of the 25 fish were tested 

with chloroform, and precipitated with 100% ethanol. Fol- for gerrnline transmission, and 3 of the 13 showed positive 

lowing centrifugation, the pellet was washed with 70% germline transmission (23%). Of the three Fundulus show- 

ethanol, dried, and dissolved in TE at 100-200 ng/itl. Prior 10 ing germiline transmission, one exhibited 9% transmission 

to microinjection, the DNA was diluted to 50-100 ng/^ul in to its offspring, another exhibited had 11% transmission, and 

5T.1E solution (5 mM Tris; 0.1 mM EDTA) and dialyzed on the third exhibited 41% transmission, 

a filter over 5T.1E for 40 minutes (0.025 micron pore size, Fish tissues appear to pose a significant problem related to 

Millipore Corporation). efficient recovery of bacteriophage and plasmid-based vec- 

Microinjection of Fish Embryos 15 tors for mutation detection. The extraction of high quality 

Fish embryos were microinjected generally in accordance and high molecular weight genomic DNA is very important 

with Winn et al. (Marine Environ. Res., 40(3):247-265 to the efficient recovery of the shuttle vector from transgenic 

(1995)), but with the modifications described herein. For rodent tissues. However, repeated attempts to recover shuttle 

medaka, in order to maximize incorporation of the gene and vectors from transgenic fish tissues using the procedures 

reduce the degree of mosaicism in the founders, fertilized 20 developed for rodents have in the past been unsuccessful, 

eggs at the one-cell stage were collected by removing egg Accordingly, genomic DNAs were isolated from fish tissues 

masses from the vent of the female fish beginning 2 hours as generally described in R. N. Wirn et al. (Marine Environ. 

prior to the onset of a 16 hour light-ycle and every 10-15 Res. 40(3):247-265 (1995)) with modifications as described 

minutes thereafter. The gene transfer method was optimized herein. 

by rigidly controlling the timing of the injection at the 25 Transgenic fish that demonstrated stable germ-fine trans- 
earliest 1-cell stage ofdevelopmentof the fish, in most cases mission were selected for the analysis of recovery and 
within 5 minutes of fertilization. The embryos were indi- spontaneous mutation frequency of the plasmid shuttle vec- 
vidually separated by removing the entangling chorionic tor. In addition, standard procedures for isolating genomic 
fibrils and examined to verify the one-cell stage of devel- DNA from rodents were altered so as to insure isolation of 
opment for efficient gene transfer. The one-cell embryos 30 high quality genomic DNA sufficient for recovering shuttle 
were placed within a watch-glass filled with l%o (parts per vectors from the fish, as described below. Specifically, 
thousand salinity) seawater to better visualize the penetra- transgenic F 1 generation fish (4-6 weeks old) were disag- 
tion of the injection needle and to reduce the incidence of gregated with a dounce homogenizer containing douncing 
fungal infection. Fundulus eggs were stripped from the buffer (lxSSC, 1% SDS), digested with proteinase K 
females immediately prior to injection, placed in a watch 35 (GibcoBRL) (37° C.) for about \ l A hours, twice extracted 
glass and fertilized with sperm collected by applying pres- with equal volumes of phenol/chloroform, followed by 
sure to the abdomen of fertile males. chloroform, and precipitated with 2 volumes 100% ethanol. 

Injections were performed with the aid of a dissection Precipitated DNA was spooled with a flame-sealed Pasteur 
microscope, micromanipulators, and an N 2 pressurized gas Pipette, dried in air, and resuspended in 50-100 ,wLTE buffer 
injection apparatus (PLI100 Medical Systems Corp., 40 (Tris 10 mM, EDTA, 1 mM, pH 7.5). Importantly, this 
Greenvale, N.Y.). The embryos were held in place with a protocol incorporates a shorter digestion time (typically 
capillary pipette (25 /an) secured by a micromanipulator. about VA hours; sometimes up to about 2Vi hours) at a lower 
Another capillary pipette pulled to a fine tip (1-2 /urn), temperature (37° C.) compared to the standard procedure 
secured by a micromanipulator, and attached to a gas injec- used to isolate genomic DNA from mice (wherein the 
tion apparatus served as the injection needle. The DNA 45 digestion is carried out at 50° C. for 3 hours), thus enhancing 
solution was injected through a continuously flowing pipette the recovery of assayable genomic DNA from the fish, 
into the cytoplasm of the one-cell embryo, or through the It should be noted that this DNA extraction method can be 
micropyle when visible. This is in acontrast to the technique used to recover DNA directly from an organ or a tissue of a 
used in rodents, wherein the DNA solution can be directly fish. The protocol is typically carried out using reduced 
injected into the rodent cell nucleus. It is believed that 50 volumes (since the amount of biological material to be 
injection through the micropyle is preferable since introduc- extracted is reduced), and the ethanol-precipitated DNA can 
tion into the cytoplasm may increase the likelihood of be isolated by centrifugation rather than by spooling. This 
degradation of the DNA construct and, more important, may method offers great benefit in that it allows for the study of 
give rise to mosaic (or chimeric) integration of the gene in tissue-specific mutation frequencies, 
the tissues of a resultant transgenic fish. That is, not all of the 55 Screening for genomic integration of the pUR288 in the 
cells will have the heterologous DNA integrated chromo- fish was performed by using polymerase chain reaction 
somally. Mosaic integration of the transgene in transgenic (PCR) methods. Amplified products (approximately 
fishes is very common and is problematic because germ-line 200-800 kb) were generated using several lacZ primers. The 
transmission is not guaranteed even if DNA extracted from standard amplification temperature profile were as follows: 
a fin clip (the typical assay for integration) indicates the 60 denaturing 95° C, 30 seconds; annealing 60° C, 30 seconds; 
founder fish carries the gene. The flow rate and the total extending 72° C, 60 seconds. Electrophoresis of the prod- 
amount of solution injected was controlled by adjusting the ucts on an agarose gel was used to confirm amplification of 
pressure of the gas and the duration of the injection to permit the DNA fragment of appropriate size, 
injection of approximately 5-20 nl DNA solution. Medaka The zygosity of transgenic F2 generation fish was deter- 
embryos were transferred to 20 mm petri dishes and incu- 65 mined using quantitative PCR methods followed by verifi- 
bated at 26° C. in sterile culture water until hatching in cation using standard PCR analysis of DNA obtained from 
approximately 10 days. Fundulus embryos were placed on the offspring produced from breeding with wild-type fish in 
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which the transmission of the plasmid to -100% of the leted and washed 2 times with 1 volume PBS buffer and 

offspring confirmed homozygous parentage while a trans- once with storage buffer (20 mM Tris-HCl, pH 7.6, 2 mM 

mission frequency of -50% demonstrated a hemizygous EDTA, 5% glycerol, 1 mg/mL acetylated BSA, 0.02% 

parent. Na-azide). Beads were resuspended in 1 mL storage buffer 

The methods for the quantitative PCR using the TaqMan 5 and stored at 4° C. until needed, 

system (Applied Biosystems, Calif.) entailed preparing the Transgenic fish genomic DNAs were digested with the 

genomic DNA from transgenic fish in replicate at three restriction enzyme Hindlll then diluted. The final recovery 

concentrations (10 ng, 100 ng, 1000 ng). No amplification 0 f about 10-50 fig fish DNA. Restriction digest of a non- 

and no template DNA samples were prepared either with mutated plasmid generates an approximately 5.5 kb frag- 

DNA from non-transgenic fish, or with sterile water in the 10 ment containing the complete pUR288 plasmid. The DNAs 

place of DNA in the reagent mixture. Serial dilutions (10 ng, were added to Lad repressor magnetic beads and incubated 

100 ng, 1 ug) of genomic DNA from hemizygous and f or 1.5 hour at room temperature. Beads were washed twice 

homozygous transgenic fish were used-to generate a stan- with Tris-HCl, pH 7.6, 2 mM EDTA, 5% glycerol, resus- 

dard curve. The forward and reverse primers consisted of a pen ded in IPTG elution buffer (10 mM Tris-HCl, pH 7.6, 2 

19 mer oligonucleotide (5'-CCGCTGATCCTTTGCGAAT- 15 m M EDTA 20 mM NaCl, 135 figlmL IPTG) and incubated 

3') (SEQ ID NO:l) and a 18 mer oligonucleotide (5'- f or 2 0 minute. The linear pUR288 DNA was circularized 

CGAAGCCGCCCTGTAAAC-3') (SEQ ID NO:2), us i ng T4 DNA ligase (GibcoBRL, in GibcoBRL T4 ligase 

respectively, that annealed within the lacZ gene sequence to buffer, which includes adenosine triphosphate [ATP] at a 

generate a PCR product. The probe that annealed within the concentration of 0.1 mM) in a 2 hour incubation at 16° C, 

PCR product consisted of a 31 mer oligonucleotide (5'- 20 precipitated with 5 fig glycogen, V10 volume 3 M sodium 

TGCCAGTATTTAGCGAAACCGCCAAGACTGT-3') acetate, pH 4.9 and 2.5 volumes cold 100% ethanol and 

(SEQ ID NO:3) with FAM (6-carboxy-ffuorescein) as the resuspended in TE buffer. 

reporter dye linked to the at 5' end, and TAMRA (6-carboxy- , n othef rimentSj the magnetic beads were prepared 

tetrarnethylrhodamine) as the quencher dye attached at the 3' ag degcribed in M Dom et al (Mut sis u m _ 118 

end. The amplification conditions were as follows: 100 ng 25 (1996) ako y et ^ Technologies for Detection ofDNA 

i^^™ ^ « m w t X^^f- Damage and Mutations, Plenum Press, N.Y. (1996)), and the 

d T' S', 40 ? ^ dU1 ! ; ™ Pr0be; U ^ Ph ; ™>dif£d Plasmid rescue protocol as described therein was 

taq Gold™ M polymerase; 0.25 UAmeraseUNG; and lx of uged 

supplied buffer (Perkin Elmer Cetus). Using a two stage , . , . , , , • ■ 

amplification profile, stage I consisted of an initial incuba- 30 . B ™ fl J' ^ ab ° ve P mto ^ 15 stre K amlmed bv combining 

tion of 2 minutes at 50° C, 10 minutes at 95° C; followed the HlndI11 &&™hon and the mcubation with the fusion 

by stage II with 15 seconds at 95° C, 1 minute at 60° C. for Protein-coated magnetic beads simultaneously using as a 

30 cycles. A hold cycle at 25° C. was used following ^^l 0 ?]?^ 10 , m ™ 1 mM 

completion of amplification. ^ 1°™™ ^f? 2 ' 5 J?" 6 *> ^° 

35 included the Hindlll; a preferred binding excision buffer 

Example II contains Mg 2 * from about 6-12 mM, and is about pH 
6.5-7.5. IPTG elution was followed by a second Hindlll 

Determination of Spontaneous Mutation Freguency digestion and the ligation, which were all done in the 

in the Target Gene presence of the beads in the same tube. 

Plasmid rescue and mutation frequency analysis involved 40 Electroporation of plasmids was performed by adding 

the preparation of the magnetic beads, isolation of the circularized plasmid (1-2 fil) to electrocompetent E. coli C 

plasmid DNA from fish genomic DNA electroporation of lacZ", galE~ host cells, then electroporating at 25 fiF. and 2.5 

the plasmid into E. coli, and mutation frequency quantitation kV, 200 Q using 0.2 cm cuvettes. After electroporation, SOC 

on selective plates. medium (2% Bacto tryptone, 0.5% Bacto yeast extract, 10 

The methods for preparation of the Lad repressor protein 45 mM NaCl, 2.5 mM KC1, 10 mM MgCl 2 , 10 mM MgS0 4 , 20 

magnetic beads essentially followed previously described mM glucose) was added. The cells were incubated in a 

protocols (Gossen et al., BioTechniques 14, 624-629 shaking water bath (225 rpm) for 1 hour at 37° C. This strain 

(1993)); J. Gossen et al., Mut. Res. 331:89-97 (1995); see is host-restriction negative, which prevents degradation of 

also M. Boerrigter, Env. Mol. Mutagenesis 32, 148-154 methylated plasmid DNA. The mutation in gale facilitates 

(1998); M. Boerrigter et al., Nature 377:657-659 (1995); M. 50 the selection of lacZ mutants on a medium containing 

Dolle et al., Mutagenesis 11:111-118 (1996); Boerrigter et lactose or a lactose-analogue such as phenyl-p-D- 

al., Environ. Mol. Mutagen. 29:221-229 (1997) for addi- galactoside (|3gal). GalE mutants lyse in the presence of 

tional experimental details and variations of the procedure). galactose because, lacking the enzyme UDPgal 4-epimerase, 

One mL Dynal M450 magnetic beads (Dynal AS, Oslo, *ey accumulate toxic amounts of UDP-galactose. Thus 

Norway) coated with sheep anti-mouse IgG (4x10 s mag- 55 nonmutant host cells, which produce high p-galactosidase 

netic beads/mL), were added to 130 fil anti-P-galactosidase levels and hence convert p-gal to galactose, cannot grow, 

(2.3 mg/mL) and incubated 45 minutes at room temperature. whereas the mutant host cells produce little or no 

The magnetic beads were pelleted on a magnetic stand P-galactosidase and thus form colonies. 

(Dynal) and the supernatant removed. The beads were Rescue efficiencies and mutation frequencies were deter- 

washed 3 times for 5 minutes in 1 mL phosphate-buffered 60 mined substantially as described in M. Boerrigter (Env. Mol. 

saline (PBS)/0.1% bovine serum albumin (BSA). After the Mutagenesis 32, 148-154 (1998)). Single mutant CFUs 

last wash, the pellet was resuspended in 900 /A PBS/0.1% were transferred to the wells of a 96 well round bottom 

BSA, and 75 fil p-galactosidase/LacI repressor fiusion pro- polystyrene cell culture plate (CoStar, Cambridge, Mass.) 

tein (2.0 mg/mL, Promega) was added and incubated for 2 containing 100 fiL LB medium supplemented with 75 fig/mL 

hours at room temperature. The p-galactosidase/Lad repres- 65 ampicillin and 25 /ig/mL kanamycin (Sigma Chemical Co., 

sor fusion protein is also commercially available from Dynal St. Louis, Mo.) and grown for 3 hours at 37° C. To determine 

(Oslo, Norway) and Leven (Bogart, Ga.). Beads were pel- the sensitivity for p-gal and p-galactosidase activity, 
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primers is typically used to generate amplification products 
of a convenient size for sequencing. The lacZ template DNA 
are prepared for sequencing by PCR using the mutant 
plasmid directly as the template or by further purification. 
The sequencing reaction mixture (template DNA, lacZ 
primers, sequencing buffer, radioactive label, polymerase, 
water and DMSO) is cycled through a temperature profile of 
denaturation 95° C. 5 minutes, annealing 60° C, 30 seconds; 
and extension 72° C, 60 seconds. The products (2-4 fil) are 
lyzed in each assay. Variations of the assay protocols can be 10 loaded on a standard sequencing gel and analyzed for 



respectively, 2 fiL of each cell culture was transferred to 
LB-agar plates, containing 75 /<g/mL ampicillin, 25 /<g/mL 
kanamycin, and either 0.3% p-gal (Sigma Chemical Co., St. 
Louis, Mo.) or 75 fig/mL 5-bromo-4-chloro-3-indoyl 0-D- 
galactoside (X-gal; Promega, Madison, Wis.). 

Mutant frequencies were determined as the ratio between 
the number of colonies on selective (p-gal) plates versus the 
number of colonies on non-selective (X-gal) plates, times 
the dilution factor. A minimum of 200,000 cfu were a 



found in M. Dolle et al. {Mutagenesis 11, 111-118 (1996)), 
and M. Boerrigter et al. (Nature 377, 657-659 (1995)). 
Plasmid recovery and spontaneous mutation frequency for 
the seven gemiline founders are set forth in Table I: 

TABLE I 



•Producing F2s 

Some transformed cells showed blue colors of varying 
intensity on the X-gal plates, suggesting that some of the 
mutants retained some (3-galactosidase activity. Boerrigter 
has reported (Env. Mol. Mutagenesis 32, 148-154 (1998)) 
that about 21% of mutant CFUs displayed a discemable 
fi-galactosidase activity that was less than that exhibited by 
nonmutant CFUs. It was found that residual P-galactosidase 
activity correlated with single base pair substitutions in the 
lacZ gene. Thus, this positive selection system has the 
capacity to detect a broad range of mutations, ranging from 
large size changes, including deletion and additions, that 
inactive lacZ completely to single base pair changes that 
only partially inactivate the lacZ gene. 

Example III 

Mutation Analysis 

Mutants can be screened or analyzed using any suitable 
technique known in the art. Preliminary screening can be 
accomplished, for example, by assaying mutants for residual 
p-galactosidase activity (Example II; M. Boerrigter, Env. 
Mol. Mutagenesis 32, 148-154 (1998)), which is indicative 
of mutations that produce a partially gene product (e.g., 
single base pair mutations). Mutants can also be subjected to 
thermal gradient gel electrophoresis, a 2D gel electrophore- 
sis technique that is useful in distinguishing plasmid size 
changes (deletions, insertions) from point mutations. By 
providing information about the nature of the mutation, 
preliminary screening techniques can make subsequent 
sequence analysis of a selected mutant more efficient by 
narrowing down the number of primers needed to success- 
fully amplify the mutated region of the target lacZ gene. 

Selected mutations can analyzed by sequence analyses of 
the lacZ target gene using linear amplification sequencing in 
which the components of a chain-termination sequencing 
reaction are cycled through a standard PCR temperature 
profile. The mutation target (lacZ) is large, thus a suite of 



sequence differences. Comparisons are made of the type, 
number and percentages of mutations. 

Mutation analysis is useful to determine the mutation 
spectrum characteristic of a particular mutagen, or a par- 
15 ticular tissue, or of the action of a particular mutagen on a 
particular tissue. 

Example IV 

20 Mutagen Exposure Experiments 

Radiation 

Transgenic fish are exposed to a mutagen using a gener- 
alized exposure regimen adapted from a protocol used 
previously with transgenic mice carrying the plasmid vector 

25 pUR288 as the mutation target (J. Gossen et al., Mut. Res. 
331, 89-97 (1995)). Radiation exposure experiments can be 
performed on the fish at the University of Georgia's Center 
for Applied Isotope Studies using an in-house 60 Co irradia- 
tion source (Atomic Energy of Canada, Ltd., Gammacell 

30 200; having a total activity of 1.22xl0 13 Bq). To assess the 
effects of exposure to X-rays, X-ray treatment will be 
performed by whole body irradiation using a University of 
Georgia X-ray source. 
Chemical Mutagens 

35 N-ethyl-N-nitrosourea (ENU) is a well-characterized 
mutagen and carcinogen that acts by direct ethylation of 
oxygen and nitrogen in the bases of DNA (B. Singer, Nature 
264:333-339 (1976)); B. Singer et al., Nature 276:85-88 
(1978)). ENU is a useful agent for the study of the relation- 

40 ship of mutation to DNA repair, replication, adduct 
persistence, and cell differentiation (J G. Burkhart et al., 
Mutation Res. 292:69-81 (1993)). A limited study of ENU- 
induced mutation has been previously performed using 
medaka (A. Shimada et al., Zoological Sci. (Tokyo) 8(6): 

45 1127 (1991); A. Shimada et al., Zoological Sci. (Tokyo) 
7(6): 1053 (1990)). 

Dimethylnitrosamine (DMN) is a methylating agent and 
potent liver carcinogen in mice (International Agency for 
Research on Cancer (IARC), IARC Monographs on the 

50 Evaluation of the Carcinogenic Risk of Chemicals to 
Humans, Vol. 7, IARC, Lyon. 253p (1974)). Since cell 
proliferation is an important parameter for the induction of 
mutations, it is important to consider the influence of fixa- 
tion time of adducts on the induction of mutations. DMN has 

55 been used as a representative mutagen which forms methy- 
lated DNA adducts in transgenic mice (J. C. Mirsalis et al., 
Mutagenesis 8:265-271 (1993)). DMN is among the nitro- 
samines that have induced hepatocarcinogenesis in fish with 
progressive stages similes to those characterized in rodent 

60 hepatic neoplasia (W. E. Hawkins et al, Chapter 14 in G. M. 
Rand, ed., Fundamentals of Aquatic Toxicology: Effects, 
Environmental Fate, and Risk Assessment, Taylor and Fran- 
cis. 421-446 (1995)). 
Exemplary Exposure Regimen 

65 Fish mutagen exposure is performed by using protocols 
employed in previous transgenic rodent studies (e.g., M. J. 
Dycaico et al., Mutation Res. 307:461-478 (1994); B. J. 
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Rogersetal.,AfMtoft'o«i?es.327:57-66(1995)). Specifically, The influence of expression time on 
one regimen consists of a single-pulse 1 to 4 hour exposure; quency is evaluated by sampling fish at 5, 10, 15 and 30 days 
another consists of a multiple-pulse exposure regimen con- following exposure. Expression time, or fixation time, is 
sisting of 2 pulses for a 4 hour exposure for 7 days. Prior to defined ^ the time allowed between dosing and sacrificing 
final exposure, range-finding assays for each of the two 5 the animals for mutation Some sion time is 
model compounds are conducted wherein fish are exposed m single-dose administrations, to 
single-pulse and multiple-pulse treatments over a range of • ' . , . . • , . ,. 
mutagen concentrations to determine the upper exposure P ermlt u P take and distribution of the chemical, metabolic 
concentration expected to produce minimal or zero lethality activation to a DNA-reactive form, formation of adducts, 
(about 50% of the lowest exposure concentration at which 10 and at least one cell division to "fix" the adduct as a heritable 
deaths occur). The range finding trials in the present mutation. Although there is no data currently available on 
example are 0, 25, 50 and 100 ppm of ENU or DMN. In mutations rates, DNA repair, or cell proliferation in trans- 
previous mutagen exposure studies using XLIZ transgenic genie medaka, it is believed that a long expression time (>7 
fish, doses of about 0.5 mM (60 ppm) of ENU (LD 50 -350 days) would allow adequate time to either repair DNA 
mg/kg) were used to obtain a two-fold mutation frequency is adducts or fix adducts ^ mutations . ^ reduces the pos - 
induction and doses of about 120 ppm of ENU were used sibm ^ DNA adducts wfll be mutated b ^ host £ mU 
to obtain four-fold mutation frequency induction in medaka. , , , , ... 
, , j • i- . t i . . u u by decreasing the number of DNA adducts present on the 
Fish are placed in replicate 50 mL glass test chambers ' r> M A 
(10/chamber). The mutagen solutions, at concentrations recovered target DNA. 

determined by dilution factors, are added to water immedi- 20 Upon termination of the expression phase, fish are eutha- 

ately prior to the initiation of exposure. Toxicant-free treat- nized by overdose of MS-222 (tricaine methanesulfonate). 

ments accompany all exposures as controls. For the Selected tissues are dissected and flash frozen in liquid 

multiple-pulse regimen, fish are transferred and held in clean nitrogen and stored at -70° C. Genomic DNA is isolated, the 

water to await the next exposure. The fish are not fed during heterologous nucleic acid sequence is rescued, and mutation 

the exposure period. During the exposure phase, fish are 25 frequency is analyzed as in Example II. 

monitored regularly for any visual signs of distress. Any , . ,. , in, 

dead or moribund fish are removed. T , he f COm ^. disclosures of all patents, patent 

Following the final exposure series, fish are rinsed and apphcatior^ publication^ database entries, submissions and 

transferred to grow-out aquaria for a prescribed expression deposits, including GENBANK .deposits .and the descriptive 

time. During this time fish are held in aquaria in toxicant- 30 information associated therewith, and other documents cited 

free water at 26° C. on a 12:12 hour lightrdark regime and hereln are incorporated herein in their entireties by 

fed twice daily. The fish are visually monitored at least twice reference as if individually incorporated. Various modiftca- 

daily during feeding. Any fish that have died, or that exhibit lions and alterations of this invention will become apparent 

abnormal swimming behaviors or other visible signs of to those skilled in the art without departing from the scope 

distress, are removed from the aquaria. Fish that show 35 and spirit of this invention, and it should be understood that 

apparent formation of external neoplasms are removed, this invention is not to be unduly limited to the illustrative 

sacrificed, and saved for furthers analyses, if desired. embodiments set forth herein. 



SEQUENCE LISTING 



<160> NUMBER OF SEQ ID NOS : 3 

<211> LENGTH: 19 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
oligonucleotide primer 

<400> SEQUENCE: 1 

ccgctgatcc tttgcgaat 



<210> SEQ ID NO 2 

<211> LENGTH: 18 

<212> TYPE : DNA 

<213> ORGANISM: Artificial 



<400> SEQUENCE: 2 
cgaagccgcc ctgtaaac 



<210> SEQ ID NO 3 
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-continued 

<211> LENGTH: 31 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 

<223> OTHER INFORMATION: Description of Artificial Sequence: 
oligonucleotide probe 



<400> SEQUENCE : 3 

tgccagtatt tagcgaaacc gccaagactg t 



What is claimed is: 

1. A method for detecting mutations in the DNA of a 15 
transenic fish comprising: 

providing a transgenic fish, wherein the DNA of the 
transgenic fish comprises multiple concatemeric 
genomically integrated copies of a plasmid comprising 
an assayable mutation target nucleic acid sequence; 20 

gently disaggregating at least a portion of the fish to yield 
disaggregated fish material; 

digesting the disaggregated fish material with a proteinase 
for a period of no longer than about 1-Vi hours at a 
temperature of about 37° C; 25 

extracting DNA comprising the mutation target nucleic 
acid sequence from the disaggregated fish material 
sufficient to detect a mutation in the mutation target 
nucleic acid sequence; and 

detecting the presence of a mutation in the mutation target 30 
nucleic acid sequence. 

2. The method of claim 1 wherein the extracting step 
yields extracted DNA comprising plasmid DNA and chro- 
mosomal DNA. 

3. The method of claim 2 further comprising cleaving the 3S 
extracted DNA with a restriction endonuclease to yield at 
least one DNA fragment comprising the plasmid-derived 
mutation target nucleic acid sequence and a multiplicity of 
DNA fragments comprising chromosomal DNA. 

4. The method of claim 3 further comprising separating 40 
the DNA fragment comprising the plasmid-derived mutation 
target nucleic acid sequence from the multiplicity of DNA 
fragments comprising chromosomal DNA to yield isolated 
plasmid-derived DNA comprising the mutation target 
nucleic acid sequence. 45 

5. The method of claim 4 wherein the assayable mutation 
target nucleic acid sequence comprises a lacZ gene com- 
prising a lacZ operator. 

6. The method of claim 5 wherein the step of separating 
the DNA fragment comprising the plasmid-derived mutation 50 
target nucleic acid sequence from the multiplicity of DNA 
fragments comprising chromosomal DNA comprises: 

contacting the DNA fragments with an affinity support 
comprising a lacZ operator binding material to bind the 
DNA fragment comprising the plasmid-derived muta- 55 
tion target nucleic acid sequence; and 

eluting the bound DNA fragment from the support. 

7. The method of claim 6 wherein the contacting step is 
performed after the cleaving step. 

8. The method of claim 1 wherein the providing step 60 
comprises providing a transgenic fish that has been or is 
suspected of having been exposed to a mutagen. 

9. The method of claim 6 wherein the contacting step and 
the cleaving step are performed simultaneously. 

10. The method of claim 1 further comprising exposing 65 
the transgenic fish to a mutagen prior to extracting the DNA 
comprising the mutation target nucleic acid sequence. 
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11. The method of claim 10 wherein the mutagen is 
selected from the group consisting of a chemical, a radio- 
isotope and electromagnetic radiation. 

12. The method of claim 1 wherein the DNA is extracted 
from an organ or tissue of the transgenic fish. 

13. The method of claim 12 further comprising analyzing 
the mutation. 

14. The method of claim 13 wherein the step of analyzing 
the mutation comprises determining a tissue-specific or 
organ specific mutation frequency. 

15. The method of claim 1 wherein the fish is selected 
from the group consisting of a medaka and a fundulus. 

16. The method of claim 1 wherein the assayable mutation 
target nucleic acid sequence comprises a lacZ gene com- 
prising a lacZ operator. 

17. The method of claim 16 wherein the step of detecting 
the presence of a mutation in the mutation target nucleic acid 
sequence comprises: 

transforming a host restriction-negative, lacZ"galE~ bac- 
terial host with the recovered DNA comprising the lacZ 
gene; 

culturing the transformed bacterial host on a lactose- 
containing or lactose analogue-containing medium; and 

selectively detecting a transformed bacterial host that 
comprises a mutation in the lacZ gene, wherein growth 
of the bacterial host is indicative of the existence of said 
mutation. 

18. The method of claim 17 comprising, prior to trans- 
forming the bacterial host, ligating the recovered DNA to 
yield a circular DNA. 

19. The method of claim 1 wherein the assayable mutation 
target nucleic acid sequence comprises a nucleic acid 
sequence selected from the group consisting of a lad gene 
sequence, a lacZ gene sequence and a lac promoter 
sequence. 

20. The method of claim 1 wherein the step of detecting 
the presence of a mutation in the mutation target nucleic acid 
sequence comprises performing a bioassay. 

21. The method of claim 1 further comprising analyzing 
the mutation in the mutation target nucleic acid sequence. 

22. The method of claim 21 wherein the step of analyzing 
the mutation comprises determining the nucleic acid 
sequence of at least a portion of the mutation target nucleic 
acid sequence. 

23. A method for evaluating the mutagenicity of a sus- 
pected mutagen comprising: 

exposing a transgenic fish to a suspected mutagen, 
wherein the DNA of the transgenic fish comprises 
multiple concatemeric genomically integrate copies of 
a plasmid comprising an assayable mutation target 
nucleic acid sequence; 

gently disaggregating at least a portion of the fish to yield 
disaggregated fish material; 
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digesting the disaggregated fish material with a proteinase 
for a period of no longer than about I-V2 hours at a 
temperature of about 37° C; 

extracting DNA comprising the mutation target nucleic 
acid sequence from the disaggregated fish material 
sufficient to detect a mutation in the mutation target 
nucleic acid sequence; and 

detecting the presence of a mutation in the mutation target 
nucleic acid sequence. 

24. The method of wherein 23 wherein the DNA is 
extracted from an organ or tissue of the transgenic fish. 

25. The method of claim 24 furthers comprising analyzing 
the mutation. 

26. The method of claim 25 wherein the step of analyzing 
the mutation comprises determining a tissue-specific or 
organ specific mutation frequency. 

27. The method of claim 23 wherein the fish is selected 
from the group consisting of a medaka and a fundulus. 
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28. The method of claim 23 wherein the assayable muta- 
tion target nucleic acid sequence comprises a nucleic acid 
sequence selected from the group consisting of a lad gene 
sequence, a lacZ gene sequence and a lac promoter 

5 sequence. 

29. The method of claim 23 further comprising analyzing 
the mutation in the mutation target nucleic acid sequence. 

30. The method of claim 29 wherein the step of analyzing 
the mutation comprises determining the nucleic acid 
sequence of at least a portion of the mutation target nucleic 
acid sequence. 

31. The method of claim 29 wherein analyzing the muta- 
tion comprises determining a mutation spectrum of the 



32. The method of claim 23 wherein the assayable muta- 
' tion target nucleic acid sequence comprises a lacZ gene 
comprising a lacZ operator. 
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Abstract 

Several vectors containing (1) regulatory regions 
from Rous sarcoma virus (RSV), human cytomegalo- 
virus (CMV), and herpes simplex thymidine kinase 
(TK); (2) introns from early or late SV40 genes and 
from trout growth hormone gene (tGH); (3) chloram- 
phenicol acetyltransferase gene (CAT); and (4) 
transcription terminators from SV40 were transfec- 
ted into carp EPC cells, salmon CHSE cells, tilapia 
T0 2 cells, quail QT6 cells, and hamster CHO cells. 
CAT activity was measured in extracts from several 
cell lines 3 days after transfection and in the fish 
EPC stable clones. The CMV and RSV promoters 
were the most potent in all cell types. The intron 
from late SV40 genes (VP, intron) worked properly 
in QT6 and CHO cells but not in EPC and very 
weakly in T0 2 cells. The tGH intron was efficient in 
all cell types but preferentially in fish cells. The 
small t intron from SV40 was processed in all cell 
types. The small t and, to a lesser extent, the tGH 
introns amplified expression of cat gene in stable 
clones, in comparison to the transiently transfected 
cells. These results indicate that elements from 
mammalian genes may not be properly recognized 
by the fish cellular machinery and in an unpredict- 
able manner. This finding suggests that vectors 
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prepared to express foreign genes in transfected 
cultured fish cells and transgenic fish should 
preferably contain DNA sequences from fish genes 
or, alternatively, those sequences from mammalian 
genes that have been previously proved to be 
compatible with the fish cellular machinery. 

Introduction 

Gene transfer into cultured fish cells and into fish 
embryos has led to limited success in the past years 
due to the frequent low efficiency of the vectors 
used. Transfection of foreign genes into fish cells 
and DNA microinjection into early embryos to 
obtain transgenic fish, however, proved to raise no 
particular problems (Houdebine and Chourrourt, 
1991). In most cases, investigators used gene con- 
structs prepared to work in mammalian cells. 
Recent studies have shown that several promoters 
from higher vertebrates can drive transcription of 
foreign genes with good efficiency in fish cells 
(Foster et al„ 1987; Gedamu et al., 1990; Inoue et al., 
1990; Liu et al., 1990; Friedenreich and Schartl, 
1990; Bearzotti et al., 1992). In a recent work, we 
observed that, although the Rous Sarcoma virus 
(RSV) promoter was a potent regulatory element to 
direct the expression of cat gene followed by the 
small t SV40 intron and the SV40 early genes 
terminator, it was only very poorly able to express 
bovine growth hormone (GH) complementary DNA 
(cDNA) followed by the GH gene terminator, and 
totally unable to express the complete bovine GH 
gene (Bearzotti et al., 1992). These results raised 
several questions, particularly regarding whether 
introns and terminators from mammalian genes are 
always efficiently recognized by the fish cellular 
machinery. 

The experiments described herein were under- 
taken to clarify these points. For that purpose, a 
family of vectors were constructed. In all cases, the 
cat gene was used as the reporter gene. The 
promoters used were essentially those from RSV and 
human cyto megalovirus (CMV). The efficiency of 
several introns was compared: the small t intron 
181 
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from early SV40 genes, the VP, intron from late SV40 
genes, and the first intron from the trout GH gene. In 
all cases (except for the previously constructed 
pRSV chloramphenicol acetyltransferase [CAT] and 
pCMV CAT, which contain the early gene SV40 
transcription terminator], the late gene SV40 tran- 
scription terminator, which is reputed to be highly 
efficient [Carswell and Alwine, 1989), was used. 
Promoters per se and more generally gene constructs 
show different potency and in a somewhat unpre- 
dictable manner, according to the cell type in which 
they are transfected. Several fish cell lines from 
different tissues and from different species were 
therefore used to tentatively establish a general rule 
on the efficiency of the different elements of the 
constructs and particularly of introns. 

To define a possible frontier between higher and 
lower vertebrates for the efficiency of the con- 
structs, the plasmids were transfected not only in 
fish cell lines but also in a bird cell line (QT6) and 
in a mammalian cell line (CHO). Experiments 
carried out in transfected mammalian cells have 
shown several times that introns may have no 
significant stimulatory and even in some cases an 
inhibitory effect in transient assay. On the contrary, 
introns seem more important or even essential for 
stably integrated genes in cultured cells and in 
transgenic animals (Palmiler et al., 1991). The 
different constructs were therefore systematically 
assayed in transiently transfected cells and in 
stable clones. The data reported herein indicate 
that fish cells show some preference for the fish 
intron but that elements from mammalian genes 
can most likely be used successfully on condition 
to have been tested case by case in fish cells. This 
work is a step toward construction of efficient 
vectors for traiisgenesis in fish. 

Results 

Transient expression of cat gene 
When transferred into EPC cells, pCMV cat and 
pRSV cot. showed high efficiency, a result that is in 
agreement with our previous work (Bearzotti et al., 
1992). CMV enhancer was much less efficient when 
associated with tk promoter (Figure 1A). The three 
plasmids containing the VP, intron were totally 
inactive in EPC cells, and withdrawal of this intron 
allowed cat gene to be expressed, although to a 
limited extent. The intron from trout GH gene was 
active only when RSV promoter was used. Unex- 
pectedly, even the pS 2 C A VP, cat and pS 2 R INTT 
cat were poorly active, in comparison to pRSV cat. 



In the salmon CHSE cells, pCMV cat, pCMVTK 
cat, and pRSV cat were also active, whereas the 
plasmids containing the VP, intron were totally 
inefficient. Withdrawal of the VP, intron restored 
the activity of these plasmids. The intron from 
trout GH gene showed moderate or no stimulatory 
action (Figure IB). All the CAT activities were 
much lower in CHSE cells than in other cell lines, 
which most likely reflects a lower transfection 
efficiency. 

Tilapia T0 2 cells were cultured at 30°C during 
the growth phase and maintained at 20° or 37°C 
after transfection. The relative cat gene expression 
obtained with the different vectors was essentially 
similar at low and high temperature. All the CAT 
activities were 50 to 100 times lower at 20°C 
(Figure lC, D). pCMVTK cat, and pRSV cat were 
active in T0 2 cells; pCMV cat was the most potent. 
The presence of the VP, intron reduced consider- 
ably, although not completely, the capacity of the 
various promoters to direct cat gene expression. 
As in the EPC cells, the intron from trout GH gene 
allowed a better expression of cat gene than the 
VP, intron. 

In contrast to fish cells, quail QT6 and hamster 
CHO cells readily expressed cat gene when the VP, 
intron was present in the constructs. Withdrawal of 
this intron even reduced the level of CAT activity. 
The intron from trout GH gene inhibited more or 
less cat gene expression in QT6 cells (Figure IE), 
and more markedly in CHO cells (Figure IF). 

cat Gene expression in stable EPC clones 
To evaluate the possible role of introns when 
foreign genes are integrated in cultured cells or 
possibly in transgenic fish, stable EPC clones 
harboring the various gene constructs were ob- 
tained. The most active plasmids in the transient 
transfection assays were essentially those also 
showing the highest activity in the stable clones. 
Unexpectedly, however, pCMV cat and pRSV cat 
were extremely potent in the stable EPC clones 
(Figure 2A). 

An examination of the CAT messenger RNA 
(mRNA) size using the Northern blotting technique 
revealed that the intron from trout GH gene was 
correctly processed in EPC cells, because the size of 
the mRNA was similar to that of the mRNA 
resulting from constructs having no intron (Figure 
2B). As expected, the size of the CAT mRNA was 
slightly larger with pCMV cat and pRSV cat, 
because the 3' OH untranslated region after the 
CAT cDNA was longer in these gene constructs 
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Figure 1. Transient cat gene expression in the various cell lines. Extracts were obtained after repeated freezing and 
thawing of trypsini/.ed cells. Results are the means of duplicates trom two independent dishes after subtraction of the 
blanks. They are expressed as cpm of ( 3 H)acetylated chloramphenicol per hour and per 10 proteins. (A) EPC. (B) CHSE. 
[Q TO 2 {20°C). (D) T0 2 (37°C). (E] QT6. (F) CHO. 



than in all the plasmids deriving from pSVL. Willi 
the pS 2 C cat construct, a slight mRNA signal was 
visible in the upper part of the gel, suggesting that 
the mRNA has been synthesized to some extent but 
not properly processed. 

In the pCMV cat and pRSV cat, the SV40 small t 



intron is very small [66 bp). Examination of the 
Northern blot [see Figure 2B) cannot reveal if the 
intron sequence was still present in the mRNA. To 
visualize this intron sequence, Northern blots were 
hybridized independently with the CAT cDNA 
probe and with an oligonucleotide synthetic probe 
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Figure 2. The cat gene expression in stable EPC clones. 
Transfections were carried out for each plasmid in two 
independent dishes. After selection with G418, the 
clones were amplified without heing separated. Cells 
from a given dish were used for the CAT assay, and cells 
from the duplicate dish were used to prepare RKA. Total 
RNA were extracted using the method described by 
Puissant and Houdebine (1990). The CAT assays were 
carried out as for transient expression; 1 fxg of proteins 
were used for pCMV CAT and pRSV CAT, and 10 Mg were 
used for the other plasmids. Ten p,g total RNA were 
separated in agarose gel in the presence of formaldehyde. 
RNA was transferred on Z-probe membrane and hybrid- 
ized with labeled CAT cDNA probe (10* cpm//xg DNA) 
using 10 6 cpm/mL hybridization mixture. Conditions 
were detailed in a previous work Puissant and Houdebine 
1990). (A) CAT activity. (B) Visualization of CAT mRNA. 
(C) EPC untransfected cells. 



containing part of the SV40 small t intron. In Figure 
3A, it can be seen that in CHO cells, pCMV cot, 
pS 2 C cat, pS 2 C A VP, cat, and pS 2 C INTT cat 
generated mature CAT mRNA of expected sizes. In 
agreement with previous work that showed the 
small t intron uses cryptic splice sites in the 
upstream of the cat gene (Huang and Gorman, 
1990J, several RNAs smaller than the expected CAT 
mRNA were generated in CHO, as in EPC cells 
when pCMV cat was used for transfection. Unex- 
pectedly, the pS 2 C INTT cat gave rise to the 



generation of two bands hybridizing with the cat 
probe, suggesting that in CHO cells the t GH intron 
was not quantitatively processed. The same RNA 
fractions hybridized to an oligonucleotide probe 
containing a small t intron sequence showed no 
signal, suggesting that in EPC as in CHO cells, the 
small t intron was correctly processed and elimi- 
nated (Figure 3B). The capacity of the labeled 
oligonucleotide probe to hybridize to the small t 
intron sequence was checked using pCMV cat 
cleaved by Hindlll and Ncol in a Southern blotting 
experiment (Figure 3C). 




Figure 3. Detection of CAT mRNA and SV40 small t 
intron sequences in the mRNAs generated by various 
gene constructs. (A) RNA from stable CHO and EPC 
clones harboring pCMV CAT, pS z C CAT, pS 2 C A VP, CAT, 
and pS 2 R INTT CAT was hybridized with the CAT cDNA 
probe in conditions described in Figure 3. Control is 
untransfected ceils. (B) The same RNA fractions were 
hybridized with a labeled oligonucleotide containing part 
of the small t intron sequence (ACACAAACAATTAGAA 
TCAG). The oligonucleotide was end-labeled with [a- J T>]- 
dATP and T4 kinase. Hybridization was carried out in 
conditions similar to those described in Figure 3, except 
for temperature, which was 54°C. After overnight hybrid- 
ization, the Z-probe membrane was washed for 30 
minutes at room temperature in 4 x SSC. Autoradio- 
graphy was developed after 6 days at -80°. (C) pCMV 
CAT was cleaved by Hindlll and Ncol and subjected to 
agarose gel electrophoresis and Southern blotting on Z- 
probe. The expected three bands were visible in UV light 
in the presence of ethidium bromide. Only the largest 
containing the small t intron hybridized with the 
oligonucleotide probe. Autoradiography was carried out 
overnight. The hybridized bands correspond, respec- 
tively, to 20, 50, 100, and 200 ng digested plasmid. 
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Discussion 

The experiments described herein indicate that 
CMV and RSV promoters are very active in all fish 
cell types, a fact already observed with mammalian 
cells (Gorman et al., 1982; Furth et al., 1991). The tk 
gene promoter reduced the potency of the CMV 
enhancer in all cell types studied herein, suggesting 
that this DNA sequence combination should not be 
used if a high level of expression is wanted. 
Unexpectedly, the SV40 promoter added upstream 
of the RSV LTR considerably reduced the potency 
of the RSV promoter in the fish cells in QT6. An 
almost similar combination of promoters injected 
into early zebrafish and medaka embryos was able 
to drive the expression of the cat gene [Stuart et al., 
1990; Chong and Vielkind, 1989). The SV40 early 
gene, promoter was shown to be very weak in EPC 
cells (Bearzotti et al., 1992) and in transgenic trouts 
harboring a construct containing the human GH 
cDNA and an intron from human a-globin gene 
(Guyomard et al., 1989). This viral sequence may 
exert some negative effect in fish cells when 
associated to some other regulatory elements. This 
putative negative effect was not visible with the 
CMV regulatory sequence, which remained highly 
active when pS 2 C cat or pS 2 C <d VP, cat was 
transfected in all cell types. 

pS 2 C cat was particularly potent in CHO cells. 
This potency may be due to several factors: (1) the 
SV40-CMV combination may generate a very potent 
regulatory element; (2) the SV40 small t intron has 
been shown not to be an optimal intron because it 
does not contain the minimal length to be effi- 
ciently processed (Fu et al., 1988) and it may utilize 
cryptic upstream splicing sites in the cat gene 
(Huang and Gorman, 1990) (the VP, intron may be 
more efficient than the small t intron in mammalian 
cells); and (3) the SV40 late genes terminator has 
been shown to be 5 times more potent that its early 
gene counterpart in mammalian cells (Carswell and 
Alwine, 1989). All these factors may account for the 
fact that pS 2 C cat is a more potent vector than 
pCMV cat in CHO cells in the transient assay. The 
former may be useful when a high level of gene 
expression is desired in a mammalian cell. 

The results reported herein show with no ambi- 
guity that the VP, intron is a strong inhibitor of gene 
expression in fish cells when associated with the 
cat gene. However, this effect is not an all or none 
phenomenon, because T0 2 cells expressed slightly 
but significantly the cat gene with pS 2 C cat, at least 
at 37°C. The VP, intron normally works in mam- 
malian cells maintained at 37°C. The poor effi- 



ciency of the VP, intron in EPC cells cannot be 
ascribed to temperature because pS 2 C cat remained 
poorly active in the TO 2 cells, even at 37°C. In 
contrast, experiments in progress in our laboratory 
indicate that the VP, intron is significantly active in 
EPC cells when associated to bovine or tilapia GH 
cDNA. It is not known if the VP, intron prevents the 
transcriptional step in fish cells or if it reduces the 
stability of the pre-mRNA, which are not processed 
efficiently. Whatever the process, this observation 
is in agreement with a previous work in which we 
showed that bGH cDNA but not bGH gene can be 
expressed in EPC cells (Bearzotti et al., 1992). 
Human GH gene introns have also been shown not 
to be fully processed in EPC cells (Friedenreich and 
Schartl, 1990), and introns from mammalian genes 
are not readily eliminated in cells of another lower 
vertebrate, Xenopus oocytes (Michaeli et al., 1988). 

As opposed to the VP, intron, the SV40 small t 
intron was fully processed in fish and mammalian 
cells, which gives additional support to the idea 
that the elimination of a given intron may depend 
on the genes to which it is associated and in which 
cell type it is processed. In this respect, it is striking 
that the SV40 small t intron is a better stimulator of 
gene expression in transgenic mice than other 
introns when present in the upstream of a cDNA 
(Palmiteret al., 1991). The fish cells may preferably 
process introns from fish genes in some cases, but it 
seems impossible to consider that an intron from a 
fish gene will be systematically more potent than 
an intron from a mammalian gene in a fish cell. The 
intron to be inserted in a gene construct should 
ideally be chosen case by case according to the 
problem under study. The comparison between 
CAT activity in transiently transfected cells and in 
the EPC stable clones showed that the 2 introns 
functional in the fish cells (the small t and the tGH 
introns) favored cat gene expression when the 
foreign DNA was integrated. This finding suggests 
that a functional intron may be essential to obtain 
high transgene expression in fish. 

The level of expression was unexpectedly high 
in the stable clones of EPC and CHO cells harboring 
pCMV cat and pRSV cat, in comparison to tran- 
siently transfected cells. It is hard to believe that 
the small t intron is the only factor that amplified 
expression of the integrated DNA. Preliminary 
experiments carried out in our laboratory revealed 
that the small t intron not surrounded by other 
sequences from the SV40 genome is only moder- 
ately efficient in transient or stable expression. The 
pCMV cat and pRSV cat contain both in their 3' OH 
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end a matrix-attached region (MAR) from the SV40 
genome (Pommier et al., 1991). This kind of 
sequence has been shown to gTeatly enhance 
expression of foreign genes when they are inte- 
grated in the genome of cultured cells or of 
transgenic animals (Bonifer et al., 1991). The high 
expression of integrated pRSV cat and pCMV cat in 
EPC cells might be explained by the presence of the 
SV40 MAR sequence. More generally, the possible 
stimulatory effect of the SV40 MAR sequence in the 
numerous vectors containing the SV40 small t 
intron and the polyadenylation signal may have 
been underestimated. If so, addition of the MAR 
from SV40 to constructs to be expressed in fish 
cells and in transgenic fish should greatly favor 
their expression. Experiments have been under- 
taken to verify if this hypothesis is correct. 

Materials and Methods 

Cell culture and transfection 

Cells were transfected using lipofectin (BRL). The 
plasmids containing the cat gene (10 jug) were 
mixed with lipofectin (10 ixL), and the mixture was 
added to 10 7 cells. After 3 days, cells were collected 
to evaluate CAT activity. Stable EPC clones were 
obtained by adding pRSVneo (2 fig) to the con- 
structs containing the cat gene and using G-418 
(500 Mg/mL medium) for selection. 

Chloramphenicol acetyl transferase assay 
The CAT assay was carried out essentially accord- 
ing to the method described by Nordeen and 
associates (1987) with the following modifications. 
This assay is based on the use of ( 3 H) sodium 
acetate as precursor, it is very simple and cheap. 
The amount of labeled sodium acetate required for 
the assays was evaporated to dryness under vac- 
uum to reduce blanks. The test was performed in 2- 
mL Eppendorf tubes. The reaction mixture con- 
tained 100 mmol/L Tris (pH, 7.8), 6 mmol/L MgCl,, 
50 mmol/L KC1, 0.5 mmol/L coenzyme A, 37 mmol/ 
L ATP, 7.5 acetyl CoA synthetase, 1 mmol/L 
chloramphenicol, and 4 juCi ( 3 H) sodium acetate 
(2.5 Ci/mmol; Amersham) in a final volume of 100 
nL. Details to prepare and store these solutions 
were described by Nordeen and colleagues (1987). 
Various amounts of cell extracts (5-50 /tL) were 
added to each tube. Incubations were carried out at 
37°C for periods of 1 to 24 hours. The reaction was 
stopped by adding 0.4 mL 7 mol/L urea in water. 
One mL scintillation mixture containing PPO (2,5 



diphenyloxazole) and POPOP (l,4-bis[5-phenyl-2- 
oxazolylj-benzene) was added to each tube. 

After a brief vortexing, which favors the trap- 
ping of ( 3 H) acetylated chloramphenicol in the or- 
ganic phase, the tubes were directly counted in a 
scintillation counter. This test allowed detection of 
CAT activity as low as 0.0005 U. It showed good 
linearity (up to 250,000 cpm of ( 3 H) acetylated 
chloramphenicol). The amounts of cell extract and 
lime of incubation were chosen to remain within 
the linearity of the test. The blanks were of 2,000 
to 5,000 cpm and remained constant throughout 
incubation. 

Preparation of vectors 

pCMV cat and pRSV cat, which contain the SV40 
small t intron and the early genes terminator, have 
already been described (Gorman et al., 1982; 
Foecking and Hofstetter, 1986). All the other gene 
constructs derived from pSVL (Amersham) are 
described in Figure 4. This vector contains SV40 
late gene promoter, the VP, intron from SV40 genes, 
and the SV40 late genes terminator. In all cases, cat 
gene was inserted into the Xho-Xba, sites of the 
linker. The promoters were in all cases inserted in 



CAT 




Figure 4. Description of the various gene constructs 
derived from the pSVL (Amersham). The cat gene was 
introduced in the linker. Additional promoters were 
inserted into the PvuII site and the trout GH intron in the 
KpnI/XhoI site. Names of the different vectors is given in 
the text. 
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the PvuII site with their own tsp. These vectors 
therefore contained 2 transcription start points: (1) 
the tsp brought by the foreign promoters, and (2) 
the remaining SV40 late gene tsp located between 
the Xpnl site and the beginning of the VP, intron. 

The plasmid pS 2 C cat was obtained by inserting 
the Xbal/Hindlll fragment of pCMV cat (Foecking 
and Hofstetter, 1986) containing the essentia] CMV 
regulatory region. The plasmid pSCT cat was 
obtained by inserting the Xbal/Bgill fragment from 
pCMV TK cat (Boshart et ai., 1985) containing the 
CMV enhancer and the tk gene promoter. The 
plasmid pS 2 R cot was obtained by inserting the 
Ndel/Hindlll fragment of pRSV cat (Gorman et a]., 
1982) containing the whole RSV LTR. The VP, 
intron was withdrawn by removing the Kpnl/Xhol 
fragment of the vectors, which generated pS 2 C A 
VP, cat, pSCT A VP, cat, and pS 2 R A VP, cat. 

The first intron from trout GH gene (Agellon et 
al., 1988) was inserted into the Kpnl/Xhol site after 
removing the VP, intron. The fish intron was ob- 
tained after PCR amplification of the whole trout 
DNA using 5'-GTGAGG TACCC ATCCTTG GC A AT 
AAGAGAAAAAAACGGGAC-3' and 5-TGCTCG 
AGATGTTGAAGAGCCGTTGGTTTTCCATCGCC 
GC-3' as primeTS. These oligonucleotides created 
Kpnl and Xhol restriction sites, respectively (the 
underlined sequences), which generated pS 2 C 
INTT cat, pSCT INTT cat, and pS 2 R I NTT cat. 
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Summary 

Various genes containing different transcriptional regulatory elements (TRE) 
and the bacterial marker gene coding for chloramphenicol acetyl transferase were 
transfected into several fish cell lines to evaluate the efficiency of expression in 
comparison with mammalian cells. The CMV and RSV TRE were the most 
efficient non-inducible promoters in directing reporter gene expression. RSV and 
CMV appeared of similar potency in a stable fish cell line. The human HSP-70 
promoter showed high potency in a carp and in a trout cell line after thermal 
induction. This promoter also induced the synthesis of human growth hormone 
directed by the corresponding cDNA, but not by the gene. RSV TRE was also able 
to drive the synthesis of bovine growth hormone when attached directly to the 
cDNA but not to the gene. These data suggest that non-fish gene TRE can be used 
to express foreign genes in fish cells or transgenic fish; however, in most cases they 
are relatively inefficient. The data also suggest that the translation and secretion 
machinery of fish cells can express efficiently foreign genes but that mammalian 
introns might be not processed properly in some cases. 

Gene constructs; Transfection; Fish cells; CAT assay 
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Introduction 

Experiments carried out over the last 6 years in several laboratories have shown 
that transgenesis in fish is relatively easy to obtain. In most species studied so far, 
pronuclei are not visible and microinjection of a high copy number of the genes 
leads to the generation of mosaic transgenic fish (Chourrout et al., 1990; Houde- 
bine and Chourrout, 1991). Previously, very few fish genes were available for gene 
transfer to fish and the efficiency of transgenesis was unknown. Initially, most 
laboratories chose to microinject available gene constructs containing mammalian 
DNA with strong TRE and expected these genes to be expressed with some 
efficiency in the transgenic fish. In most cases, expression of transgenes proved to 
be very low although they were not rearranged and properly transmitted to 
progeny (Chourrout et al., 1990; Houdebine and Chourrout, 1991). A systematic 
study of the efficiency of foreign gene expression in fish cells then appeared 
necessary and it has been undertaken by a few laboratories (Foster et al., 1989; 
Friedenreich and Schartl, 1990; Inoue et al., 1990; Gedamu et al., 1990). The 
experiments described in the present paper detail additional information on the 
efficiency of expression of several mammalian TRE and genes in fish cell lines. 



Materials and Methods 

Gene constructs 

Gene constructs already prepared for work in mammalian cells were used. 
pSV518 (provided by Dr. J. Lupker) contained the early SV40 promoter, the 
human growth hormone (hGH) cDNA, a-globin intron and SV40 early terminator. 
HSP70-CAT which contained the heat shock protein promoter and the chloram- 
phenicol acetyl transferase gene (CAT gene) and HSP70-hGH cDNA and gene 
were prepared by Dr. M. Dreano (Dreano et al., 1988). pCMVIEbGH (Pasleau et 
al., 1987) and pCMVbGH (unpublished data) contained the promoter of early 
gene cytomegalovirus and bovine growth hormone gene. pRSVbGH (pbGH5) and 
pRSVhGH contained the LTR from Rous Sarcoma Virus (Gorman et al., 1982a, b) 
and the bovine or human growth hormone gene. pbGH7 contained RSV LTR as 
TRE, bovine GH cDNA and the terminator of bovine GH gene (Pasleau et al., 
1987). pCMV CAT, provided by Dr. H. Hoffstetter (Foecking and Hoffstetter, 
1986), contained the early gene TRE of human cytomegalovirus and the CAT 
gene. pCMVTK CAT (provided by Dr. M. Schartl) contained the enhancer of 
human cytomegalovirus, the thymidine kinase promoter from Herpes Simplex virus 
and the CAT gene (Friedenreich and Schartl, 1990). p-Actin CAT (provided by Dr. 
T. Mohum) contained the Xenopus /3-actin promoter fused to CAT gene (Mohum 
et al., 1987). pSV 2 CAT contained the early SV40 promoter fused to CAT gene 
(Gorman et al., 1982a). pMT-hGH contained the mouse metallothionein promoter 
fused to hGH gene (Palmiter et al., 1983). pSVTK CAT (provided by Dr. M. 
Schartl) contained the enhancer of SV40 early gene and the thymidine kinase gene 
promoter of Herpes Simplex virus. pRSVneo and pSV 2 neo were those previously 
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described (Gorman et al., 1983). pBSpac (containing the puromycin resistance 
gene fused to SV40 promoter) was provided by Dr. A. Jimenez (Delaluna et al., 
1988). All the plasmids described above were previously used in CHO cells and 
proved to be highly active. 

Cell culture and transfection 

Three fish cell lines were used: EPC, derived from carp epidermal herpes 
virus-induced hyperplastic lesions (Fijan et al., 1983); RTH (Fryer et al., 1981) and 
RTG (Wolf and Quimby, 1962), two trout cell lines derived from liver and gonads, 
respectively. They were routinely cultured on plastic dishes at 30°C, 20°C and 20°C, 
respectively. The culture medium was Eagle medium modified by Stoker for 
BHK21 cells, buffered by 20 mM Tris-HCl pH 7.4, and containing 10% foetal calf 
serum, 10% tryptose phosphate broth, 100 U ml" 1 penicillin and 100 jig ml -1 
streptomycin. 

About 10 7 cells (80% of confluency) were transfected using DEAE-dextran (200 
\Lg ml -1 ) for 4 h in the presence of 10 (ig ml -1 DNA followed by an osmotic 
shock with 10% dimethylsulfoxide for 3 min. Alternatively, lipofectin (BRL) (10 |xl 
ml -1 ) with DNA (10 jug ml -1 ) were added to the cells for 4 h as recommended by 
the manufacturer. 

When co-transfections were carried out, the plasmids for selection (pRSVneo, 
pSV 2 neo or pBSpac, 2 u.g ml -1 ) were added and the reporter plasmids (8 u.g 
mP 1 ). 

To establish stable cell lines, geneticin (Sigma) 200 |i,g ml -1 or puromycin 
(Sigma) 5 u-g ml -1 were added 3 d after transfection and maintained for at least 15 
d. Individual clones were not isolated but studies were performed on pools of 
selected clones. 

Measurement of gene expression 

Chloramphenicol acetyl transferase (CAT) activity was measured by the classical 
assay using thin layer chromatography (Gorman et al., 1982b). The results are 
qualitatively expressed by direct inspection of the autoradiograph, or as the 
percentage of conversion of labelled chloramphenicol into acetylated chloram- 
phenicol. For quantitative estimation of CAT activity, the radioactive spots de- 
tected after autoradiography were eluted into liquid scintillation vials for counting 
of radioactivity. The percentage conversion of labelled chloramphenicol into acety- 
lated forms was calculated per mg of protein in the cell extracts. 

Human and bovine GH were measured in the culture medium using specific 
radioimmunoassay provided by Dr. J. Lupker and NIH, respectively. 

Northern blot analysis 

Different cell clones from transfected EPC cells harbouring pbGH7, pbGH5, 
pCMVIEbGH and pCMVbGH were grown to half-confluency. Total RNA was 
extracted using the isothiocyanate-phenol-chloroform method. Poly A RNA were 
isolated using poly U-sepharose chromatography. Northern blot analysis was 
carried out using conventional methods. After electrophoresis, RNA was trans- 
ferred to Zeta probe nylon membrane in lOxSSC. RNA was fixed by UV 
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irradiation. Hybridization was carried out in 500 mM sodium phosphate buffer at 
pH 7.2, containing 7% SDS in the presence of 1 X 10 6 cpm ml 1 of 32 P labelled 
bGHcDNA (10 8 cpm fig -1 ) DNA). After an overnight hybridization at 65°C, the 
filters were washed in 50 mM sodium phosphate buffer at room temperature for 2 
h and at 65°C for 15 min. Autoradiography was carried out as stated in the legend 
of Fig. 4. 



Results 

Generation of stable cell lines 

The three cell lines - EPC, RTH and RTG - were transfected by conventional 
methods with plasmids capable of providing resistance to antibiotics. DEAE 
dextran, polybrene and lipofectin proved to be efficient mediators for transfection. 
For the sake of convenience, lipofectin was used routinely. Several plasmids 
containing the neo r gene gave rise to stable EPC clones resistant to geneticin. 
pRSVneo and pSV 2 neo plasmids resulted in the highest number of clones gener- 
ated. Other plasmids containing the same neo r gene under the control of the 
promoter from Herpes thymidine kinase (TK), or mouse leukemia virus LTR, 
generated less geneticin-resistant clones. Growth of the RTG cell line could not be 
inhibited by geneticin at concentrations of the antibiotic as high as 1 or 2 mg ml . 
For RTG and RTH cell lines, selection with puromycin was used. 

Kinetics of CAT gene expression in transient assay 

pCMV CAT was transfected in the three cell lines in the presence of lipofectin. 
CAT assays were carried out at different periods after transfection in independent 
dishes. Results shown in Fig. 1 indicate that, of the three cell lines, CAT 
expression was the highest in EPC 3-6 days post-transfection. In this respect, 
foreign DNA transfected into fish cells exhibit the same pattern of expression as 
their mammalian counterparts. In further experiments, unless stated, CAT assays 
were performed 4 d after transfection. 

The CAT gene was also expressed much more efficiently in the EPC cells than 
in the other two lines. This fact was observed regularly with other plasmids 
expressing transiently a reporter gene and with plasmids conferring resistance to 
antibiotics as well, suggesting that EPC cells are much more readily transfected 
(with the different transfection techniques) than RTG and RTH cells. The values 
obtained with RTG and RTH were low when expressed as percent conversion per 
mg protein. About 50 mg of protein from RTH and RTG cell extracts, and 1-10 
mg of protein from EPC cell extracts, were used in the assays. The tests were thus 
carried out in good experimental conditions and the data reported in Fig. 1 really 
reflect the relative efficiency of transfection and expression for the three cell lines. 



Comparison of various promoters fused to CAT gene 

Several plasmids were transfected into EPC cells and the CAT activity was 
measured in cell extracts 3 d post-transfection. All these plasmids were tested 



319 




Fig. 1. Kinetics of CAT gene expression. pCMV CAT was transfected into EPC (a), RTH (•) and 
RTG (o) using lipofectin. CAT assay was carried out after 1, 2, 3, 4 and 7 d. Results are the means 
(±SEM) of three independent dishes. 

regularly using mammalian cells where they showed good efficiency. pSV 2 CAT 
was totally inactive in these experimental conditions and p-actin CAT showed low, 
but detectable, activities, whereas pRSV CAT and pCMV CAT were very potent 
(Fig. 2). RSV and CMV thus appeared as strong transcriptional promoters for fish 
cells, at least for the EPC cell lines in transient expression assays. 

The SV40 and CMV enhancers associated with TK promoter were compared 
with the natural complete SV40 and CMV regulatory regions. The addition of TK 
promoter stimulated strongly the SV40 enhancer but reduced the efficiency of the 
CMV enhancer (Table 1). In all cases, however, SV40 enhancer exhibited a much 
lower activity than the CMV enhancer. 

Comparison of RSV and CMV promoters in stable clones 

pRSV CAT and pCMV CAT were transfected in independent dishes in the 
presence of pSV 2 neo. Stably transformed EPC clones resistant to geneticin were 
analysed for CAT activity. Both groups of clones contained a similar number of 
CAT gene copies as judged by a Southern blot analysis (Fig. 3A). They also 
expressed the CAT gene at a similar level as judged by a Northern blot analysis 
(Fig. 3B). A CAT assay revealed that clones harbouring the pRSV CAT construct 



320 




Fig. 2. Expression of CAT gene under the control of various promoters in EPC. The indicated plasmids 
were transfected by DEAE-dextran in conditions described in Materials and Methods. CAT assays 
were performed 3 d later, using thin layer chromatography. Each datum results from a culture dish. A 
and B are two independent experiments. 



contained 2.5 times more enzyme than those harbouring the pCMV CAT construct 
(not shown). Both gene constructs were, therefore, of essentially equivalent po- 
tency when expressed transiently or in stable EPC clones. This result is in good 
agreement with a preliminary experiment that showed, in transgenic trout several 
months old, pCMV CAT was expressed at a rather high level in the six tissues 
examined. 

Expression of the human HSP70-CAT plasmid 

A plasmid containing the CAT gene under the control of human heat shock 
protein gene TRE and the neo r gene driven by the SV40 early gene promoter were 
transfected into EPC and RTH cells. To avoid interference between the transient 
presence of the plasmids after transfection and the transient stimulation by heat, 
stable EPC and RTH clones were obtained after selection by geneticin for EPC 
cells and /or puromycin, respectively. These cells were subsequently exposed to a 
heat shock (28°C for RTH and 38°C for EPC). In both cases, pools of clones 



Effect of the TK promoter associated with SV40 and CMV enhancers 



Plasmids 


Protein per assay 


Conversion 




(mg) 


(%) 


pSV 2 CAT 


100 


0 


pSV 2 TKCAT 


100 


80 


pCMVCAT 


1 


60 


pCMVTKCAT 


1 


6.5 



EPC cells were transfected with lipofectin in conditions depicted in Methods. CAT assays were carried 
out 3 d later from three and two independent dishes for SV40 and CMV respectively. Results are the 
means obtained from the three different dishes. 
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Fig. 3. (A) Southern blot analysis of CAT gene in stable EPC clones. DNA from clones resistant to 
geneticin was extracted and cleaved by Hind III and Nco I. These restriction enzymes cut pCMV CAT 
and pRSV CAT at the beginning and in the midst of the CAT gene, respectively. The digested DNA 
(10 |xg) was subjected to Southern blotting and hybridisation was carried out using the labelled CAT 
gene insert as probe. The plasmid pRSV CAT was used as control. (B) Northern blot analysis of CAT 
mRNA in stable EPC clones. RNA was extracted and transferred to nylon membranes as described in 
Materials and Methods. Hybridisation was carried out using the labelled CAT gene insert as probe. 
Five pig of RNA were used and autoradiography was carried out for 3 d. 
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Induction of CAT expression by heat following transfection by HSP-70-CAT 



Temperature 


Cells 


Conversion per rag protein 
(%) 


20°C 


RTH 


1.5 


28°C 


RTH 


11 


30°C 


EPC 


q ; 


38°C 


EPC 


19.5 



Pools of RTH and EPC cells were heat-stocked at 28°C and 38°C, respectively, for 2 h. CAT assays 
were carried out after an additional incubation at normal temperature (20°C and 30°C, respectively) for 
22 h. Results are expressed as the percentage of labelled chloramphenicol which has become acetylated 
per mg protein of cell extracts. 



(several hundreds for EPC and 30 for RTH) were examined to attenuate variations 
of expression in individual clones (Table 2). Heat exerted a marked induction of 
CAT gene expression in both cell types. In comparison to RSV and pCMV TREs, 
the human HSP70 TRE appears to be quite potent in fish cells. 

Expression of GH genes in transfected cells 

The different plasmids described in Materials and Methods containing hGH 
and bGH cDNAs or genes were transfected into EPC cells. The hGH cDNA of 
pSV518 was not expressed to a significant level in transiently or stably transfected 
cells. Similarly, the mouse metallothionein-hGH gene was not expressed in the 
presence of Zn 2+ . Stable clones harbouring gene constructs containing the neo r 
gene under the SV40 promoter control and hGH cDNA or gene fused to the 
human HSP70 promoter were tested for their capacity to secrete the hormone 
after a heat shock. The pool of clones (2 X 10 8 cells per dish) harbouring the hGH 
cDNA secreted the hormone at a low, but detectable level (1 ng ml -1 medium) 10 
h after, but not before, the heat shock. The plasmid containing the hGH gene 
instead of the cDNA remained inactive. This observation is in clear contrast with 
data obtained with mammalian cells using the same plasmids. Both hGH cDNA 
and hGH gene were equally effective after the heat shock (Alouani et al., 1992). 

Bovine GH gene and cDNA under the control of RSV and CMV promoters 
were also tested in EPC cells. Pools of clones harbouring pCMV bGH gene, pRSV 
bGH gene and pRSV bGH cDNA were also examined. Only cells transfected with 
the pbGH-7 cDNA led to a significant secretion of bGH in the culture medium 
(Fig. 4). The hormone accumulated in the medium in a linear fashion for 2 weeks. 

Northern blots obtained with total RNA or polyA containing RNA from the 
different pools of bGH clones revealed that a band was visible in fractions 
extracted from cells harbouring pbGH7. This band was at the position of bGH 
mRNA extracted from bovine hypophysis. The other clones showed no detectable 
bGH mRNA but only unspecific hybridization signals also found with RNA from 
control untransfected EPC cells (Fig. 5). 



Discussion 



The data reported here indicate that fish cells can be used to define promoter 
strength to be used for subsequent studies directed at generating transgenic fish. A 
classification of the various promoters clearly emerges from these experiments. 
The RSV TRE appears very potent, particularly in transient assay, a fact which is 
in close agreement with data reported by other groups using the same or different 
cells and plasmids (Foster et al., 1989; Friedenreich and Schartl, 1990). The CMV 
TRE also appeared very efficient in fish cells. 

The CAT assay is known to be very sensitive, due to amplification of the 
enzymatic reaction. The measurement of GH in the culture medium gives a 
different estimation of gene expression efficiency. In this respect, even pbGH7, the 
most potent in this study, was much less efficient in EPC cells than in CHO cells 
(not shown). Some of the known strong mammalian TREs may, therefore, be used 
in fish cells and transgenic fish, but homologous promoters that may prove to be 
more efficient and appropriate for targeting selectively the expression of the 
foreign genes in different cell types are still to be found in most cases. The fact 
that /3-actin promoter from carp exhibited a high capacity to drive CAT gene 
expression in vitro in fish cells and in vivo supports this view (Liu et al., 1990). 

The estimation of GH mRNA concentration from Northern blots clearly showed 
that these molecules did not accumulate readily in the fish cells with the plasmids 
tested. GH mRNA was found only in cells which express the hormone. This 
suggests that the translation machinery, including the adaptation of fish tRNA to 
codons preferentially used for mammalian mRNA and the secretion process, 
including cleavage of the signal peptide of the preproteins, have not to be 
considered as strongly limiting, as judged by data reported here. Therefore, it is 
probably the transcription step, and possibly the processing of the transcripts, 
including the elimination of introns and stabilization of mRNA in cytoplasm,' 
which are somewhat different in fish and mammalian cells. The use of fish gene or 
cDNA sequences, instead of their mammalian counterparts, should give additional 
information on this point. 

One point remains striking. The plasmids containing GH genes, rather than the 
corresponding cDNA, were inactive. This may result from an inefficient processing 
of the pre-mRNA in fish cells. Such a possibility has been evoked in Xenopus 
oocytes (Michaeli et al., 1988) and in EPC cells (Friedenreich and Schartl, 1990). 
Experiments are in progress in our laboratory to evaluate the impact of mam- 
malian and fish introns on expression in mammalian and fish cells. 
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Despite a number of reports on transgenic zebrafish, there have been no reports on transgenic zebrafish in which the gene 
is under the control of a promoter of zebrafish origin. Neither have there been reports on transgenic zebrafish in which 
the gene is under the control of a tissue-specific promoter/enhancer. To investigate whether it is possible to generate 
transgenic zebrafish which reliably express a reporter gene in specific tissues, we have isolated a zebrafish muscle specific 
actin (a actio) promoter and generated transgenic zebrafish in which the green fluorescent protein (GFP) reporter gene was 
driven by this promoter. In total, 41 GFP expressing transgenic lines were generated with a frequency of as high as 21% 
(4 1 of 1 94), and GFP was specifically expressed throughout muscle cells in virtually all of the lines (40 of 4 1). Nonexpressing 
transgenic lines were rare. This demonstrates that a tissue-specific promoter can reliably drive reporter gene expression in 
transgenic zebrafish in a manner identical to the control of the endogeneous expression of the gene. Levels of GFP expression 
varied greatly from line to line; i.e., fluorescence was very weak in some lines, while it was extremely high in others. We 
also isolated a zebrafish cytoskeletal P actin promoter and generated transgenic zebrafish using a /3 actin GFP construct 
In all of the four lines generated, GFP was expressed throughout the body like the p -actin gene, demonstrating that 
consistent expression could also be achieved in this case. In the present study, we also examined the effects of factors 
which potentially affect the transgenic frequency or expression levels. The following results were obtained: (i) expression 
levels of GFP in the injected embryo were not strongly correlated to transgenic frequency; (U) the effect of the NLS peptide 
(SV40 T antigen nuclear localization sequence), which has been suggested to facilitate the transfer of a transgene into 
embryonic nuclei, remained to be elusive; (ill) a plasmid vector sequence placed upstream of the construct might reduce 
the expression levels of the reporter gene. © 1997 Academic Press 



INTRODUCTION 

Zebrafish is an excellent model organism for the study of 
vertebrate development (Kimmel, 1989; Nosslein-Volhard, 
1994). The embryos develop outside the mother and are 

1 To whom correspondence should be addressed at National Insti- 
tute for Basic Biology, Myodaiji-cho, Okazaki, Aichi 444, Japan. 
Fax: +81-564-55-7571. E-mail: shinichi@nibb.ac.jp. 

2 Present address: Kumamoto University, Kurokami. Kumamoto 
860, Japan. 



optically transparent, allowing direct observation of their 
embryonic development. A relatively short generation time 
of 2-3 months makes classical genetics feasible. Recent 
large-scale mutagenesis screening has led to the isolation 
of a great number of lethal mutations of genes essential for 
embryonic development (HaJfter etal., 1996; Driever et al., 
1996). 

An important technology in model organisms is the capa- 
bility of producing transgenic organisms as has been shown 
for Drosophila or mice. Transgenic zebrafish, using several 
DNA constructs, have been generated in the past 9 years. 
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Stuart et al. (1988, 1990) first showed that DNA injected 
into the cytoplasm of fertilized zebrafish eggs could inte- 
grate into the fish genome and be inherited in the germline. 
Culp et al. (1991) demonstrated that the frequency of germ- 
line transmission of a micro-injected transgene could be as 
high as 20%. Despite these initial successes, however, 
transgenic zebrafish had the problem of inconsistent expres- 
sion of a transgene, Le., variegated expression (Stuart et al., 
1990) or no expression (Stuart etal., 1988; Culp etal., 1991). 
In these experiments, promoter/enhancer sequences of 
SV40 or RSV (Rous sarcoma virus) origin were used. Lin et 
al. (1994b) used a Xenopus elongation factor la enhancer/ 
promoter to drive LacZ expression. The expression patterns 
of LacZ in the four lines obtained were highly variable. 
Bayer and Campos-Ortega (1992) tried to apply an enhancer 
trap in zebrafish, using a mouse heat-shock promoter. Al- 
though one transgenic fish in which LacZ was expressed in 
primary sensory neurons was generated, LacZ expression 
was not fully penetrant. To date, the study by Amsterdam 
et al. (1995) appears to be the most successful in terms of 
the consistent expression of a reporter gene in zebrafish. 
They used a modified Xenopus elongation factor la en- 
hancer/promoter to drive the expression of the green fluo- 
rescent protein (GFP) reporter gene (Chalfie et al., 1994), 
and showed that five of five transgenic lines expressed GFP, 
apparently in whole bodies, although one line with the high- 
est GFP expression still showed variegated GFP expression. 

Recently, Hopkins and her colleagues developed a new 
method for generating transgenic zebrafish. They showed 
that murine leukemia virus/vesicular stomatitis virus pseu- 
doryped retroviral vectors can integrate into the zebrafish 
genome at high frequency (Lin et al., 1994a; Gaiano et al., 
1996a). The method has been proven to be useful for inser- 
tional mutagenesis (Gaiano et al., 1996b; Allende et al., 
1996). However, since retroviral vectors have Hmitations of 
vector size, introduction into the genome of a relatively 
long construct, such as long ds-regulatory sequences, 
would be impossible using this method. 

A possible cause for the frequently observed silent or var- 
iegated expression of the constructs introduced could, in 
part, be the use of sequences of heterologous origin. There 
is an example in which a promoter of zebrafish origin was 
used to drive the gene expression (Meng et al., 1997). But 
it was a transient expression analysis; i.e., gene expression 
was monitored in an injected embryo, not in a germUne- 
transmitted embryo (Meng et al., 1997). To date, no 
transgenic zebrafish in which the gene is driven by a pro- 
moter of zebrafish origin, nor transgenic zebrafish in which 
a reporter gene is driven by a tissue specific promoter/en- 
hancer, have been generated. Thus, whether the reproduc- 
ible generation of transgenic zebrafish with tissue-specific 
transgene expression is possible has not yet been clarified. 
Given this background, we attempted to introduce GFP 
driven by a zebrafish muscle-specific actin promoter (a-ac- 
tin promoter) into zebrafish to investigate whether reliable 
and tissue-specific expression in transgenic zebrafish can be 
achieved by using a tissue-specific promoter/enhancer of 



zebrafish origin. Here we show that it is possible to reliably 
obtain GFP-expressing transgenic zebrafish with the er-ac- 
tin-GFP constructs. We also show that, by using zebrafish 
cytoskeletal p-actin promoter, it is possible to reliably ob- 
tain transgenic zebrafish which express GFP throughout the 
body. 

In this study, we also investigated the effects of the fol- 
lowing three factors which potentially affect transgenic fre- 
quency or expression levels. The first is whether levels of 
transient expression in an injected embryo show any corre- 
lation to transgenic frequency. The second is whether coin- 
jection of the SV40 T antigen nuclear localization sequence, 
which has been suggested to facilitate the transfer of a 
transgene into embryonic nuclei (Collas et al., 1996), has 
any effect on transgenic frequency. The third is whether 
the presence of a plasmid vector sequence has any effect on 
the expression levels of GFP. 



MATERIALS AND METHODS 

Cloning of Actin Genes from ZebraSsh 

RACE-PCR was carried out against first-strand cDNA of 14- to 
24-h-old embryos using two degenerated primers based on the 
amino acid sequences. WHHTFY and WDDMEK, which are present 
in all types of actin proteins. The nucleotide sequences of the prim- 
ers were TA(A/G)AA(A/G/C/T)GT(A/G)TG(A/G)TGCCA and 
GG AAGCTT fC / T)TCCAT(A / G)TC(A / G1TCCCA. Nested PCR 
was performed and four types of DNA fragments, about 300 bp 
each, were obtained. 

An a-actln genomic fragment of about 3.7 kb, which includes 
the first and the second introns, was recovered by PCR using a- 
acrin-specific primers. Southern blotting using this fragment as a 
probe revealed a single 12-kb band. A zebrafish genomic sublibrary 
was constructed using 10- to 15-kb EcoRI genomic fragments and 
screened with the 3.7-kb probe. Three identical positive clones, 12 
kb in length, were isolated. 

A P-acOn genomic fragment of 1.9 kb, which includes the first 
and the second introns, was recovered by PCR using P-actin-spe- 
cific primers. This fragment was used for the screening of zebrafish 
genomic libraries which were provided by Drs. Petkovich, Picker, 
Takeda, and Kikuchi. Several overlapping phage clones were ob- 



Construction of a-Actin-GFP and fi-Actin-GFP 
Plasmids 

Two modified GFP sequences, GFP-S65A (Moiiyoshi etal., 1996) 
and EGFP (Clontech), were used. An a-actin upstream fragment (a- 
actin promoter; ap) of about 3.9 kb was PCR-amplified from the 
a-actin \ phage clone using the upstream primer, T3, and the down- 
stream primer, TTGGTCTGTGCAGGACAA. The junction be- 
tween the first intron and the second exon exists within the down- 
stream primer. The initiation methionine codon is located several 
nucleotides downstream of the downstream primer sequence. Two 
ap-GFP plasmids. «p-GFP(S65A) and ap-EGFP. were constructed. 
For the S65A construct, GFP(S65A) followed by an SV40 poly(A) 
signal was fused to op. For the EGFP construct, EGFP followed by 
a BGH p0ly(A) signal was fused to ap. The backbone plasmid vec- 
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tors were pBluescript (SK) in both cases. Structural details of the 
two plasmids are available upon request. 

A 0-actin upstream fragment {0-actin promoter, 0p) of about 17 
kb was PCR-amplified from one of the 0-actin phage clones using 
the upstream primer, T3, and the downstream primer, A AGGA- 
TCCA CTGTAAAAGAAAGGGAA. The Junction between the first 
intron and the second exon exists within the downstream primer. 
The initiation methionine codon is located several nucleotides 
downstream of the downstream primer sequence. For the poly(A) 
signal, a 0-actin 3' fragment (03') of about 8.4 kb was used. The 
upstream end of 03' is a BanMl site, which is located within the 
second exon. The downstream end is an end of one of the phage 
clones. The exact location of the poly(A) additional signal is un- 
known. The /9p-EGFP-03' plasmid was constructed using the 
pBluescript (SK) backbone plasmid vector. Structural details of the 
plasmid is available upon request 

DNA Preparation and Microinjection 

Plasmid DNA was prepared using the Qiagen plasmid kit (Qia- 
gen). For BS-op-G, the ap-GFP(S65A) plasmid was linearized by 
SaE. For op-G-BS, the ap-EGFP plasmid was linearized by SaK. 
For 0p-G-03'-hS, the /3p-EGFP-/S3' plasmid was linearized by Xhol. 
Linearized plasmid DNA was extracted using phenol -chloroform 
and then chloroform, precipitated by ethanol, and dissolved in dis- 
tilled water. For ap-G. the «p-GFP(S65A) plasmid was digested with 
Sad and electrophoresed on an agarose gel. DNA fragments of ap- 
GFP(S65A)-pA were recovered from the gel using the GeneClean 
n kit (Bio 101) and dissolved in distilled water. 

Maintenance of wild type fish and collection of embryos were 
carried out as described by Westerfield (1993). Microinjection of 
DNA was carried out using an agarose gel with depressions as a 
holding plate (Westerfield. 1993). DNA solution of about 25 ng/pl 
in distilled water was air-pressure-injected Into the cytoplasm of a 
one-cell-stage zebrafish embryo with its chorion intact. The SV40 
T antigen nuclear localization sequence (NLS; CGGPKKKRKVG- 
NH^ was added to the injection solution to a final concentration 
of 0.5 ng//il in more than half of the experiments. The peptide was 
synthesized and HPLC purified by Takara Co. hi contrast to most 
previous studies, color dye, such as phenol red or fluorescein dex- 
tran, was not added to the injection solution. The injection volume 
was estimated from the difference in refractive indices between 
the injection solution and cytoplasm. The injection volume was 
adjusted such that one-third to half of the injected embryos died 
or became malformed by the next day; exact volume was unknown. 
Injections were usually carried out within 20 miri after fertilization, 
when cytoplasm of embryos was not yet high. Fertilized eggs were 
collected several times (typically 3 times) for one injection session. 
We injected up to about 70 eggs per egg collection. Thus, when 
fish continued to produce eggs for 1 h, we were able to inject up 
to about 210 embryos. When fish produced all their eggs in a limited 
period, fewer embryos were injected. Usually, 100-150 embryos 
were injected in one injection session. The next day, live embryos 
exhibiting very weak, GFP expression (such as fish-X in Fig. 3), 
about one-fourth, were discarded. About one-third of the fish se- 
lected for raising died before sexual maturity (usually within a few 
weeks). Usually 25-40 fish reached sexual maturity per typical 
injection session. 

DNA Isolation and PGR 

DNA isolation from pools of 50-200 3-day-old fish or from 
individual embryos was carried out according to Amsterdam et 



al. (1995). PCR reaction was carried out using two primers within 
GFP in either case of GFP(S65A) or EGFP, which resulted in the 
amplification of the 300-bp band from the respective plasmid. 
All reactions contained primers in the islet2 gene (Tokumoto et 
al, 1995) as an internal control. DNA isolation from adult fish 
for Southern blotting was carried out according to Westerfield 
(1993). 



Fluorescence Microscopy 

Embryos in a 9-cm plastic dish were observed using an Olympus 
K70-FLA inverted fluorescence microscope with an FTTC filter. 
Usually, the 4x objective lens was used. In some cases, photographs 
were obtained using an Olympus BX50-FLA noninverted fluores- 



RESULTS 

Cloning of Actin Genes from Zebrafish 

Four types of actin genes were identified by RACE-PCR 
(see Materials and Methods). They were called as a l- r a2-, 
0-, and y-actin based on their expression patterns and the 
sequence similarity to actin genes from other species, al- 
actin is also referred to simply as a-actin. The expression 
of a {a iy and a2-actin was muscle-specific, while that of 0- 
and y-actin was ubiquitous. Figure 1 shows the expression 
patterns of a-actin (A and B) and 0-actin (C and D). 



Transient Expression of GFP in a-Actin-GFP- 
Injected Embryos 

Genomic sequences flanking a-actin were isolated (see 
Materials and Methods). The structure of the 5'-region of 
a-actin is shown in Fig. 2A. The initiation methionine co- 
don is located near the 5' end of the second exon (20 bp 
downstream of the exon- intron junction). A DNA fragment 
of about 3.9 kb, which contains about 2.2 kb of the upstream 
fragment, about 40 bp of the first exon, about 1.7 kb of the 
first intron, and a part of the second exon (5 bp), was used 
as an a-actin promoter (op). The first intron was included 
for two reasons: one is because intervening sequences have 
been suggested to increase gene expression in transgenic 
mice (Brinster et al., 1988) and zebrafish (Amsterdam et al., 
1995) and the other is because there may be segments of 
CiS-regulatory elements in the first intron. Modified GFP 
(S65A; Moriyoshi etal, 1996), followed by the SV40poly(A) 
signal, was fused to the op. The ap-GFP(S65A) plasmid was 
linearized and injected into one-cell-stage embryos, which 
were later subjected to fluorescence analysis. Cytoplasmic 
injection of DNA constructs is known to result in mosaic 
expression of a reporter gene in zebrafish (e.g., Amsterdam 
et al., 1995). As expected, fluorescence was observed in a 
subset of muscle cells in 1 -day-old embryos (Fig. 3). Expres- 
sion patterns were highly variable from embryo to embryo. 
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FIG. 2. Maps of a-acttn and a-actin-GFP constructs used in this 
study. (A) Structure of a-actin. The initiation methionine codon 
(ATG) is located 20 bp downstream of the intron 1 -exon 2 junction. 
The a-actin promoter used in this study (op) includes the intron 
1 -exon 2 junction, but does not include the ATG initiation codon. 
E, ficoRI; B, BamHI. (B) Structure of a-actin-GFP constructs used 
in this study. Thick line, plasmid vector sequence; S65A, 
GFP(S65A); pA. poly(A) s 



Generation of Germline-Transmitting Fish Using 
a-Acthi-GFP 

Three constructs were used to produce stable transgenic 
zebrafish lines (Fig. 2B). BS <*p G and ap-G were derived 
from the same plasmid. ap-GFP(S65A). The difference was 
the presence or the absence of plasmid vector sequence. The 
plasmid vector sequence has been suggested to suppress 
gene expression in transgenic mice (Chada et al., 1985; 
Townes ef al., 1985). We also injected a third construct, 
ap-G-BS, in which EGFP (Clontech) was used instead of 
GFP(S65A) and the plasmid vector sequence was down- 
stream of the fragment. 



Each construct was injected individually into one-cell- 
stage embryos, which were raised for 1 day and viewed using 
an inverted fluorescence microscope. Embryos with few 
fluorescent cells were discarded. On average, about one- 
fourth of the injected embryos were discarded. In the case 
of BS-ap-G or ap-G, the remaining embryos were grouped 
according to the intensity of fluorescence. The purpose of 
this grouping is to investigate whether there is any correla- 
tion between levels of transient expression and the fre- 
quency of appearance of gerrrdine-transmitting founders. In 
more than half of the injections, the SV40 T antigen nuclear 
localization sequence (NLS; CGGPKKKRKVG-NHz) was 
coinjected with DNA. This peptide has been suggested to 
facilitate the transfer of a transgene into embryonic nuclei 
(Collas etal., 1996). To investigate the effects of NLS on the 
frequency of appearance of germline-transmitting founders, 
injections without NLS were also carried out. 

Injected embryos were raised to sexual maturity and 
screened for genuine-transmitting founders. The fish were 
mated to wild-type fish and the fluorescence of their 1 -day- 
old progeny was examined using an inverted fluorescence 
microscopy. The frequency of appearance of germline-trans- 
mitting founders is summarized in Table 1, showing that 
germline-transmitting founders whose progeny expressed 
detectable levels of GFP were isolated in all types of experi- 
ments. In total, 41 of 194 (21%) were positive. As has been 
seen in previous studies of transgenic zebrafish lines (Stuart 
etal., 1988, 1990; Culp et al, 1991), founder fish had mosaic 
germlines. Rates of Fl inheritance of GFP-expressing off- 
spring ranged from 2 to 50% (data not shown). For several 
lines (n = 5), DNA from individual offspring was extracted 
and analyzed for the presence of the GFP sequence by PCR. 
Every fluorescent embryo proved to be PCR-positive and 
every nonfluorescent embryo proved to be PCR-negative 
in all cases (data not shown). We also examined possible 
transgenic lines which did not express detectable levels of 
GFP. For this purpose, DNA was prepared from pools of 
embryos derived from each of those fish which only pro- 
duced nonfluorescent embryos and analyzed by PCR. In to- 
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TABLE 2 

Levels of GFP Expression in Transgenic Zebrafish Generated 



Using Each Construct 



Fluorescence level 
Construct 


Bright 
A 


B 


C 


Dim 
D 


BS<rp-G 




0 


0 


9 


(total, 10) 


(10%) 


(0%) 


(0%) 


(90%) 


op-G 


2 


13 


9 


3 


(total 27*) 


(7%) 


(48%) 


(33%) 


(11%) 


opG-BS 


2 


4 


0 


0 


(total. 6*) 


(33%) 


(67%) 


(0%) 


(0%) 



Note. One founder generated using ap-G and one founder gen- 
erated using ap-G-BS produced progeny exhibiting two clearly 
different expression levels (A and C. A and B, respectively), which 
are individually classified and listed. Thus, the total numbers of 
ap-G and ap-G-BS (asterisks) are greater than those listed in 
Table 1. 



tal. 123 fish were analyzed and 3 lines were PCR-positive. 
Considering that 41 of 194 fish were expression-positive 
founders, the results indicate that most, if not all of the 
transgenic lines expressed detectable levels of GFP in the 
1 -day-old-embryo stage. 

Figures 4A-4E show examples of GFP expression in 
transgenic lines. Except for one line expressing GFP 
throughout the body (data not shown), the lines (40 of 41) 
showed identical spatial expression patterns; GFP was ex- 
pressed specifically in muscle cells. Variegated expression 
of GFP was not apparent in any of the lines. Thus, the 
results indicate that the zebrafish a-actin promoter can 
reliably drive the reporter gene expression in an identical 
manner as the endogeneous a-actin gene in transgenic ze- 
brafish. This is the first demonstration of transgenic zebra- 
fish in which the gene is driven by a tissue-specific pro- 
moter. 



TABLE 3 



Inheritance of a-Actin- 


-GFP in Trans; 


genie Zebrafish Lines 






Inheritance of GFP 


Construct 


Line 


expression in F2 


BS-ap-G 


BAG-1 


26/50 (52%) 


ap-G 


AG-1 


188/374 (50%) 




AG-2 


55/135 (41%) 




AG-3 


125/240 (52%) 




AG-4 


63/113 (56%) 




AG-5 


40/72 (56%) 




AG-6 


138/259 (53%) 




AG-7 


165/306 (54%) 




AG-8 


25/50 (50%) 




AG-9 


34/68 (50%) 


ap-G-BS 


AGB-1 


54/102 (53%) 




AGB-2 


138/294 (47%) 



In contrast to the identical spatial expression patterns of 
GFP, expression levels varied greatly from line to line. 
While some fluoresced only weakly (Fig. 4B), some fluo- 
resced extremely strongly (Figs. 4C and 4E). The stage at 
which fluorescence was first detectable depended on the 
fluorescence intensity of each line. In the bright lines, GFP 
expression could be recognized at as early as 10 h, and at 
13 h, clear fluorescence in the adaxial cells and somites was 
observed (Fig. 4D). 

The fact that 21% (41 of 149) were GFP-expressing found- 
ers suggests that some founders might have multiple inte- 
grations. Indeed, at least two founders appeared to have two 
integrations, since they each produced progeny exhibiting 
two clearly different expression levels (see Note under Table 
2). Southern analysis of Fl progeny from one such founder 
confirmed that two integrations had indeed occurred in the 
germline of the founder (data not shown). 

Effects of Three Factors Which Potentially Affect 
Transgenic Frequency or Expression Levels 

We examined the effects of three factors which may affect 
the transgenic frequency or expression levels. Results are 
summarized in Table 1 (transgenic frequency) and Table 2 
(expression level). The first factor is the relationship be- 
tween levels of transient expression and transgenic fre- 
quency. In two experiments using BS-ap-G (NLS+) and ap- 
G (NLS-), the transgenic frequency of the fish whose tran- 
sient GFP expression had been strong (S) was higher than 
average, i.e., 33% (1/3) vs 26% (10/39) and 30% (3/10) vs 
15% (6/40), respectively. However, in one experiment using 
ap-G (NLS+), it was lower than average, i.e., 1 5% (4/26) vs 
19% (20/105). Importantly, transgenic frequency in W 
(weak) class fish was not very low compared with the aver- 
age, i.e., 25% (3/12) vs 26% (10/39), 18% (7/38) vs 19% (20/ 
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FIG. 5. Maps of P-actin and a 0-actin-GFP construct used in this 
study. (A) Structure of fi-actin. The initiation methionine codon 
(ATG) is located 8 bp downstream of the intron 1 -exon 2 junction. 
The 0-actin promoter used in this study (/3p) includes the intron 
1 -exon 2 junction, but does not include the ATG initiation codon. 
S, Sail; B, BanMl. (B) Structure of a /8-actin-GFP construct used 
in this study. Thick line, plasmid vector sequence. 
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FIG. 6. Expression of GFP in transgenic embryos generated using /3-actin-GFP. Chorions were removed. Nonfluorescent embryos are 
nontrartsgenic siblings. (A) A typical transgenic embryo at 28 h. (B) A transgenic embryo from the most fluorescent line at 28 h. 



105), and 10% (2/21) vs 15% (6/40) in the three experiments. 
Thus, if there is any correlation, it is not so high that the 
W class fish should be discarded. 

The second one is whether the NLS peptide contributes 
to an increase in transgenic frequency. NLS+ and NLS- 
experiments were conducted using the same construct, ap- 
G. The transgenic frequency in the NLS+ experiment was 
19% (20/105), which was somewhat higher than that in the 
NLS- one, 15% (6/40). However, the difference was not so 
great that the result was concluded to be positive. Further 
study is required to determine whether the NLS peptide 
contributes to transgenic frequency. 

The third one is whether the plasmid vector sequence af- 
fects the reporter gene expression. Each line was classified 
into ranks from A-D according to the fluorescence intensity 



of Fl progeny (Table 2). For the BS-op-G construct, 9 of 10 
lines were classified into the dim D rank, while in the case 
of the ap-G construct, the D rank was rather rare (3 of 27) 
and most of the lines were classified into B or C ranks (22 
of 27). Considering that BS-ap-G and ap-G were derived from 
the same plasmid, the results suggest that the plasmid vector 
sequence has an adverse effect on expression. For the orp-G- 
BS construct, however, all of the lines (6 of 6) were classified 
into A or B ranks, despite the presence of the plasmid vector 
sequence. The high fluorescence was not due to the differ- 
ence in the GFP sequences used (S65A and EGFP), since 
mRNA expression levels were also high in the 6 lines gener- 
ated with the drp-G-BS construct Thus, the result suggests 
that the plasmid vector sequence located downstream of the 
construct does not have an adverse effect on expression. 
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Maintenance of GFP Expression over a Generation 

It is important to determine whether GFP expression is 
stable after passage through a germline. Thus, fluorescent 
progeny (Fl) of each founder were raised to sexual maturity 
and mated with wild-type fish. All the lines tested (n = 
24) produced fluorescent embryos. Moreover, levels of GFP 
expression were also completely inherited, Le., the fluores- 
cence intensity of the embryos (F2 progeny) was the same 
as that of the parents (Fl) when they had been tested for 
fluorescence. As in previous studies, inheritance of fluores- 
cence in the F2 generation was consistent with the ratio of 
Mendelian segregation in all the 12 lines where the number 
of fluorescent and nonfluorescent embryos were counted 
(Table 3). In three lines, stable transmission of GFP expres- 
sion has been confirmed in the F3 generation. Taken to- 
gether, the results strongly support the idea that the 
transgene is stably integrated into the genome in each line. 

Fl progeny of B-D ranks were all healthy. In the case of 
A rank, a significant fraction of embryos died within 2 
weeks. For the reason of the weakness, long exposure of 
excitation light to A-ranked embryos on a fluorescence mi- 
croscope could be harmful to embryonic health. However, 
this is not the only cause of the weakness because those 
embryos which had been placed in a dark without excitation 
were still weak. Whether high-level expression GFP itself 
has toxic effects remains to be deteimined. If fish could 
survive in a critical period (a few weeks), most of them were 
able to become adults and to produce progeny. However, 
we have not yet succeeded in raising Fl progeny of two 
lines with extreme GFP expression (Fig. 4E). 

Generation of Germline Transmitting Fish Using 
P-Actin-GFP 

We also generated transgenic zebrafish using the 0-actin- 
GFP construct. A physical map of the zebrafish 0-actin gene 
and the construct of the 0-actin-GFP transgenic vector are 
shown in Fig. 5 (for details, see Materials and Methods). We 
obtained 4 founders out of 53 fish (8%). Three of the four 
lines exhibited similar GFP expression patterns. GFP was 
expressed throughout the body in a manner identical to that 
of the 0-actin gene (Fig. 6A). In the remaining one line, GFP 
was also expressed throughout the body, and fluorescence 
was more intense than that of the other lines (Fig. 6B). In 
addition, a more prominent expression in the notochord 
was observed (Fig. 6B). In all of the lines, variegated expres- 
sion was not observed. Transmission of GFP expression has 
been confirmed in the F2 generation in two lines. 

In summary, we conclude that the 0-actin genomic se- 
quences used here lead to the reporter gene expression in 
an identical or near-identical manner to that of the endogen- 
eous 0-actin gene. 

DISCUSSION 

Consistent GFP Expression of Transgenic ZebraSsh 
Generated Using a-actin-GFP or P-actin-GFP 
Constructs 

A number of transgenic zebrafish have been generated in 
the past 9 years. In the early phase, transgenic zebrafish suf- 



fered from either silencing of the transgene expression (Stuart 
et al., 1988; Culp et al., 1991) or nonconsistent (variegated 
or highly variable) expression (Stuart et al., 1990; Lin et al., 
1994b). More consistent expression was observed by Amster- 
dam et al. (1995), who found that five of five transgenic lines 
showed near ubiquitous GFP expression in one construct 
(modified Xenopus efla enhancer/promoter and the rabbit 
0-globin second intron). In all of the previous studies, pro- 
moter/enhancer sequences were not derived from zebrafish 
origin. There have been no reports of transgenic zebrafish 
generated using a gene driven by a tissue-specific promoter/ 
enhancer. With this background, we isolated a zebrafish mus- 
cle-specific actin promoter and generated transgenic zebra- 
fish using a-actin-GFP constructs. The main aim of this 
study was to determine whether transgenic zebrafish exhib- 
iting tissue-specific expression can be consistently generated 
with the use of zebrafish-origin promoters. We have gener- 
ated as many as 41 GFP-expressing transgenic lines using <x- 
acrJn-GFP constructs. In virtually all lines established, GFP 
was expressed in a nearly identical manner to the endogen- 
eous genes; Le., GFP was specifically expressed in muscle 
cells. Non-GFP-expressing transgenic lines were extremely 
rare. These results demonstrate that transgenic zebrafish 
with consistent expression can be reliably generated using 
the zebrafish a-actin promoter. We also isolated and used the 
zebrafish 0-actin promoter. Transgenic zebrafish exhibiting 
GFP expression throughout the body were reliably generated 
in this case. This further supports the hypothesis that consis- 
tent expression can be achieved by the use of zebrafish-origin 
promoters. 

Establishment of transgenic zebrafish lines using the ct- 
actin-GFP construct is quite easy with the aid of reliable 
detection of the transgene expression in vivo. Screening of 
one line by merely observing about a hundred embryos 
through their chorions on an inverted fluorescence micro- 
scope usually takes only a few minutes. Transgenic fish 
can be easily detected among many nontransgenic siblings. 
Preliminary experiments showed that, at least in transient 
expression assays, the a-actin-GFP sequence did not affect 
the expression of another transgene which was driven by 
several other promoters, when they were placed in the same 
plasmid. Thus, the addition of a-actin-GFP to one's own 
constructs could provide a useful in vivo marker in the 
generation of transgenic zebrafish. 

In conclusion, we have shown that it is, in principal, 
possible to consistently generate transgenic zebrafish exhib- 
iting tissue-specific expression of a reporter gene. Since ze- 
brafish has become a popular model organism for the study 
of vertebrate development, the generation of transgenic ze- 
brafish which express a reporter gene in specific tissues or 
cells will undoubtedly be useful in the future. In particular, 
the transparency of the zebrafish embryo will make GFP an 
excellent marker. 

Factors Which Potentially Affect Transgenic 
Frequency or Expression Levels 

We have determined the effects of three factors (levels 
of transient expression, presence of the NLS peptide, and 



Copyright © 1&97 by Academic Pres. All rights of reproduction in any form reserved. 



298 



Higashijhna et al. 



presence or location of the plasmid vector sequence) which 
potentially affect the transgenic frequency or expression 
levels of the transgene. Levels of transient expression the 
day after injection did not show strong correlation with 
transgenic frequency if one-fourth of the embryos, those 
exhibiting too weak an expression level, were eliminated. 
The effect of the NLS peptide on transgenic frequency re- 
mained to be elusive. The location of the plasmid vector 
sequence greatly influenced the expression levels of the 
transgene. Our study suggests that a plasmid vector se- 
quence placed upstream of a transgene has negative effects. 
In summary, our proposed procedure for dealing with these 
factors is as follows. First, on monitoring the transient ex- 
pression in transgenic zebrafish, only embryos exhibiting 
very weak expression should be discarded. The NLS peptide 
may be coinjected. If the plasmid vector sequence is not 
removed, it should be placed at the 3' end of the construct. 
We have been able to reproducibry obtain 20-30% GFP- 
expressing transgenic founders (n = 29 for founders) using 
other a-actin-GFP-based constructs, under these condi- 
tions (S.H., unpublished observation). 

We should point out the possibility that the plasmid vec- 
tor sequence may not be the main cause of the difference 
in the expression levels. Some other factors, such as the 
kind of restriction enzymes used or a specific DNA se- 
quence near either end of the construct, may affect the copy 
number or integration site and thus eventually affect ex- 
pression levels. Thus, although our results suggest that the 
plasmid vector sequence should be removed or placed down- 
stream of a transgene, more work is required to further 
clarify the effects of the plasmid vector sequence. 

The transgenic frequency of ap-G was significantly lower 
than the other two, BS-tep-G and ap-G-BS. This may suggest 
that the removal of the plasmid vector sequence decreases 
the transgenic frequency. Decrease of the DNA qualify, 
which could be induced by the procedure of the removal of 
the plasmid vector sequence, may be responsible for this. 

In this study, the frequency of appearance of germline- 
Iramrmtting founders using the a-actin-GFP constructs 
was considerably high (in total 21%) compared to that in 
previous studies (on average, 5-10%). One possible reason 
for this could be that embryos exhibiting very Weak GFP 
expression in the transient expression assay were discarded. 
Through that procedure, we were probably able to eUminate 
those embryos with insufficient amount of injected DNA. 
Minor modifications in the injection procedure (see Materi- 
als and Methods) could, in part, also be responsible. The 
length of injected DNA may considerably affect the 
transgenic frequency, since the transgenic frequency for the 
jS-actin-GFP, which is four times longer than a-actin-GFP, 
was 8%. The DNA sequence itself could also affect the 
transgenic frequency, since Culp et al. (1991) reported that 
the frequency could be as high as 20% for one construct. 
To determine which are the main contributors to the high- 
frequency generation of transgenic zebrafish using the a 
actin-GFP constructs, further study is required. 

While this paper was in review, we noticed that the group 



of Lin also succeeded in generating transgenic zebrafish ex- 
hibiting tissue-specific GFP expression using the zebrafish 
GATA-1 promoter (Long etal., 1997). 
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To determine cis-acting elements required for neuron specific expression of a 
necdin gene, wc tried to use zebra fish assay system in vivo instead of cell lines in 
vitro. Various expression vectors carrying upstream sequences of necdin gene fused 
to MEKA (lacZ) gene as a reporter were injected into fertilized zebra fish embryos 
and then the expression of the reporter gene was analyzed by the whole mount 
immunochemical method. No promoter activity was obtained with a construct 
carrying sequence from -63 to +63 of the necdin gene, while promoter activity 
with preferential skin expression was obtained with a construct having sequence 
from -86 to +28. Further upstream sequence from -173 to +28 exhibited neuron 
specific expression as well as that from -845 to +63. These results indicate that a 
cis-acting element responsible for neuron specific expression is located in an 87bp 
sequence from -173 to -87 of necdin gene. « 1995 *c**mic pre**, me. 



A novel necdin cDNA is isolated from PI 9 embryonal carcinoma cells by the 
differential hybridization method between untreated and retinoic acid treated cells 
which are differentiated to neural cells. It encodes 325 amino acids whose 
molecular size and pi value arc about 37 kDa and 8.3, respectively (I. 2). The 
necdin cDNA as a prt>bc only hybridizes with J .7kb mRNA of the brain among 
mouse tissues tested and the differentiated PI9 cells, indicating neuron specific 
expression of necdin (I. 2). In situ hybridization experiment also supports the 
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neuron specific expression (3). Immunohistochemical analysis reveals that necdin 
protein is a neuron specific nuclear protein whose expression is seen in postmitotic 
cells (I, 2), Although the physiological function of necdin protein is unknown, it 
is interesting to investigate cis-acting elements required for neuron specific 
expression of necdin, because it is expected to elucidate the mechanism underlying 
neurogenesis and neuronal differentiation through the transcriptional regulation. 
Uetsuki et al. (3) have cloned genomic necdin DNA which shows an intronless 
structure. Transfection of a plasmid carrying an upstream sequence of the necdin 
gene (from -845 to +63) fused to lacZ gene induce the expression of ji- 
galactosidase in rclinoic acid treated P19 cells (3). suggesting that the above 
upstream sequence contains a region required for neuron specific expression. 

Recently, zebrafish. Brachydunio rerio, is emerging as a model organism as well 
as Drosophila and Xenopus laevis. A genetic linkage map for zebrafish and several 
neuronal mutants have been reported (4, 5). Zebrafish is a useful animal for 
neuroscience as following reasons ; l ) breeding is easy. 2) fertilized embryos are 
available every day. 3) primary neurons are formed within 24hr. 4) whole mount 
analysis is easy, because of the lucid body. 5) it is possible lo inject plasmid DNA 
into more than one hundred of fertilized embryos. By using zebrafish, analysis of 
GAP-43 promoter activity have been challenged (6). We also attempted to use 
zebrafish for analyzing cis-acting DNA elements required for neuron specific 
expression of necdin gene. 

MATERIALS AND METHODS 

The zebra fish: The Oregon AB line, were maintained at 28.5T" as described in 
(7). Expression vector suspended in 25 /Kg/ml of 2mM Na-phosphate buffer, pH 
7.4, 10 mM KCI, 0.01% phenol red and 0.2% ethanol was injected into about 150 
fertilized embryos about 500pl in one experiment by Narishige microinjector. 
Analysis of transgene expression was carried out as described by Reinhard et al 
(6). Efficiency to produce transient transgenic fish and positive cells numbers per 
embryo with various constructs were 5.8-18.3% and 1-32 cells, respectively, which 
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are in a range of reported experiment (6). In this experiment, the above values and 
transcription level were decreased with progressive deletion of 5' upstream region 
of the necdin gene. 

Preparation of various necdin promoter/enhancer gene plasmids: 

Necdin promoter, both orientations (Construct 9 and 10 in Fig. 1 ), extended from - 
845 to + 63 fused to lacZ gene were constructed at Hindlll site in pBluescript 
SK(-) plasmid (3). Additional constructs containing MEKA cDNA (8) as a reporter 
gene was prepared as follows; Expression plasmid pcDNAI having CMV promoter 
(Pcmv) was digested with EcoRI/EcoRV at polylinker site. It was ligated with 
MEKA cDNA encoding a full length of MEKA protein, and used as a control 
(Pcmv-MEKA/pcDNAl). The control vector was digested with Afllll, blunt ended 
and ligated with Hindlll linker. It was digested again with Hindlll in the presence 
or absence of BamHl to remove Pcmv and then ligated with Hindlll digested necdin 
promoter (from -845 to +63) prepared from the pBluescript SK(-) or with 
Hindlll/BamHI digested PCR products carrying various length of the necdin 
promoters. Synthetic oligonucleotide primers having Hindlll site or BamHI site for 
PCR were as follows : 5" G CAAGCT (-291 of necdin gene)TGCCC 
AAACTCAGTGTGTCCG, 5' GC AAGC (173)T TTACATAGCCTACTGGTACC. 
5' GC AAG ( -123) CTTTGACTCTTCGGCTCCTTTC. 5G CAACC( -86)TT CTGG 
CTTCCCCAACACGCA. 5GCGGAT(+28)CCCTCGGTGGAGACCAGCAG, and 
5' GC GGATCC T (+1 ) GCGCTTTACTGAGCACTGCG. 

Whole mount immunochemical procedures : It was performed according to 
the methods reported (9.10) with a slightly modification. Briefly, to remove the 
chorion, embryo was treated with img/mi of pronase for 2min at room 
temperature and fixed with 4% paraformaldehyde containing 0.2% glutaraldehyde, 
4% sucrose. O.I5mM CaC\-, andO.lM Na-phosphate buffer (pH 7.4) for more than 
4hr. It was washed with I0T) mM Na-phosphate buffer (pH 7.4) containing 0.85% 
NaCI and 0.3% triton X I 00, and then with PBST (20 mM Na-phosphate buffer, pH 
7.4, 0.85% NaCI and 0.3% triton X-100) for 60min. To reduce back ground, the 
sample was further incubated with PBSTS (PBST containing 0.5% skim milk) for 
60min. After over night incubation at 4*C with anti-MEKA. anti- ,? -galactosidase 
(both antisera did not react with endogeneous proteins in normal zebrafish embryo) 
or anti-HNK serum in PBSTS. the sample was washed with PBSTS. Second 
antibody conjugated with horseradish peroxidase was reacted and then washed with 
PBSTS, PBST and PBS/0.1% triton X-100. Antigen in embryo was visualized 
indirectly with O.lmg/ml of DAB in PBS/0. 1 % triton X-100 in the presence of 
0.05% hydrogen peroxide. The sample was treated with methanol and then benzyl 
benzoate : benzyl alcohol (2: 1 ), and provided for photograph. 



RESULTS AND DISCUSSIONS 

Transfection of a plasmid containing specific promoter region into various cell 

lines and subsequent determination of a reporter gene expression is the well 
accepted method for the determination of promoter/enhancer region. However, it 
has been reported that when neurofilament (NF) promoter fused to lacZ gene is 
transfected into NF-producing PCI2h cells or NF-nonproducing C6 cells, C6 cells 



Vol. 211, No. 2, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 




Fig. 1. Summary of the expression level and tissue specific expression directed 
by various constructs of necdin promoter/reporter gene from 3-6 experiments. 
Upstream of necdin gene with Hindlll site and ATG codon (A) and constructs of 
necdin-reporter gene and its expression in embryos at 24hr (B) are illustrated. 
Construct 1 was used as a control of expression level (+++++ : as a 100%). The 
tissue specific expression found in the brain/spinal cord. skin, muscle and others 
was calculated from lotal stained cell numbers and illustrated as + (0-20%) to 
+++++ (80-100%). 

express 40 times higher ,i -galactosidase activity than the PC12h by unknown 
mechanism (II), In transgenic mice, however, the NF promoter directs neuron 
specific expression of CAT-reporter gene (12). The results indicate that analysis of 
promoter region in vitro by using cell lines does not always reveal tissue specific 
gene expression. Therefore, we attempted to utilize zebrafish for determining 
neuron specific element of necdin gene as an in vivo assay system. 

At first, various constructs (Construct I to 10 in Fig. IB), carrying different 
length of the necdin promoter region fused to MEKA or lacZ gene as a reporter, 
were prepared to identify cis-acting elements responsible for neuron specific 
expression. The cis-acting elements are expected to exist in the 5" flanking region, 
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because of the intronless structure of the necdin gene (3). The constructs were 
injected into fertilized zebrafish embryos and tissue specificity was assayed by 
counting the cell numbers expressing the reporter protein in different tissues. The 
results including expression level were summarized in Fig. I B. 

We injected Constructs I (MEKA as a reporter) and Construct 9 (lacZ), both 
of which contain from -845 to +63 of the necdin gene in each expression vector, 
into fertilized zebrafish embryos and assayed the reporter gene expression in 24hr 
embryos by the whole mount immunochemical method. Although mosaic 
expression pattern was observed, more than 809? among the stained cells were 
restricted to the primary sensory neurons, Rohon-Beard cells and trigeminal 
ganglion neurons, and neurons in the brain (data not shown). They are dominant 
neurons which are formed in early developmental stage and their location were 
confirmed by staining them with anti-HNK serum as a neural cell membrane 
marker (1 3). On the other hand, the expression directed by Pcmv-MEKA/pcDNAI 
as a control vector was observed preferentially in the skin and less than \0% in the 
primary sensory neurons (data not shown). During the investigation, we noticed 
that the injection of more than IOO/<g/ml concentration of vectors resulted in 
malformation significantly, and also the linearized or freeze-thawed vectors 
resulted in the reduction of neuron specific expression with increasing of skin 
expression (data not shown). 

Next, we examined the time-course of the reporter gene expression with 
Construct I. Embryos were fixed at 22, 24 and 28hr and then analyzed. Additional 
neural cells, motoneurons and interneurons were stained in 28hr embryos (Fig. 2), 
compared to those in 22 or 24 hr embryos which were mentioned above. These 
results indicate that mouse necdin promoter region spanning from -845 to +63 
functioned in zebrafish embryos in temporal, spatial and tissue specific manner. The 
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Fig. 2. Expression of MEKA protein directed by necdin promoter in zebra fish. 
Necdiri promoter extended from -845 to +63 fused to MEKA cDNA as a reporter 
gene was prepared (Construe! I) and MEKA expression was assayed in zebra fish at 
28hr. One of the typical embryos reveals 23 positive cells consisted of 22 neurons 
with neurites and one unidentified cell. Trigeminal ganglion neuron, Rohon-Beard 
cell, motoneuron and interneuron arc indicated by arrowhead, small arrowhead, 
arrow and small arrow, respectively, in upper enlarged photographs. 

promoter activity was dependent on direction of the eis-element, since Construct 
10 with a inverted sequence showed no promoter activity. 

In the present study. MEKA cDNA is used as a reporter gene. The MEKA 
protein, identical to phosducin (14), form a complex with 0 ysubunits (15,16) of 
guanine nucleatid-binding proteins, Gt . Gs or Gi. Therefore, the expression of 
MEKA protein is speculated to inhibit the neurite outgrowth through increasing 
free Go* concentration in growth cone (17). However, we could not detect any 
significant morphological changes in zebrafish neural cells and neurites that 
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Fig. 3. Neuron specific expression induced by necdin promoter extended from - 
173 to +28. Expression vector containing necdin promoter (-173 to +28) fused to 
MEKA cDNA (Construct 4) was injected into fertilized zebra fish embryos and 
assayed at 24hr. One of the typical embryos reveals 1 3 positive neurons with 
neurites. 



expressed MEKA protein. One of the possible explanations may be the inability of 
MEKA protein to associate with fi y subunits of Go. 

Expression level of the reporter gene, which reflects the transcriptional activity, 
was gradually decreased with progressive deletion of 5' flanking region of the 
necdin promoter (Constructs 1 to 6 in Fig. I corresponding to -845 to - 86), and 
no exppression was observed with Construct 7 (from -63 to +63) in accordance 
with those of the Uetsuki et al (3). A 5' flanking region from +63 to at least +28, 
but not to +1, was necessary to retain the promoter activity (compare with 
Constructs 3 and 4) and may be involved in ribosomal RNA binding. 

The shortest fragment required for neuron specific expression among the tested 
plasmids was observed in Construct 4 (from -173 to +28) as shown in Fig. 1 and 
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3. In conjunction with the result that Construct 6 (from -86 to +63) showed the 
promoter activity with preferential skin expression, we concluded that the cis-acting 
element should locate in an 87bp sequence from -173 to -87 of necdin gene. No 
homologous consensus sequence was found in the 87bp from known DNA elements 
including the neuron-restrictive silencer element (NRSE) reported by Mori et al 
(18). Physiological function of six CTTX repeats found in the 87bp of necdin 
gene is unknown. 

It is interesting to note that Constructs 6 and 8 (from -86 to +63 and from -81 to 
+63. respectively) almost losl the neuron specific expression in spite of skin 
expression in this study, although the Construct 8 still causes neuron specific 
expression in the in vitro assay system using retinoic acid treated PI 9 cells (3). It is 
suspected that the association of several proteins interacting with multiple DNA 
elements within the 87bp of the necdin gene is necessary for producing neuron 
specific expression, because further 50bp deletion (Construct 5 in Fig. I) from the 
5' region of the necdin gene (Construct 4) still exhibited preferential neural 
expression. Therefore, the different results between in vitro and in vivo assay 
systems may be due to the lack of protein(s) which interacts with multiple DNA 
sites. Difference between Constructs 4 and Constructs 5/6 seems to involve in a 
switch from neuron specific to preferential skin expression (Fig. 1 ), indicating the 
possibility that there is another regulatory element(s) from -173 to -87 for 
regulating neuron specific expression. 

In the present report, we demonstrated by the analysis of necdin gene that 
zebrafish is a useful screening system to determine a unique enhancer/promoter 
region, especially an element required for neuron specific expression, because of a 
rapid development of the primary neurons in a day. 
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Gicerin, a novel cell adhesion molecule which belongs to the immunoglobulin superfonily, is 
expressed temporally and spatially in the developing chick brain and retina. The previous in vitro 
experiments using transfected cells showed that gicerin can function as a cell adhesion molecule 
which has both bomophilic and heterophihe binding activities. For the in vivo analyses of gjecrin 
in neural development, we tried to utilize a zebrafish system, a vertebrate suitable for studying 
earry development We generated transient transgenic animals by rrucromjecting DNA constructs 
into zebmfoh embryos. Chicken gicerin, under control of the neurofilament gents promoter, was 
preferentially expressed in neuronal cells and gicerin-expressing neurons cxibited a fasciculation 
formation with neighboring giceria-positivc axons, which may be partly due to hemophilic cell 
adhesion activity of gicerin. These experimental results suggest that this fast and efficient transgenic 
animal system is useful for studying the functional roles of neuron-specific genes during the de- 
velopment. 



KEY WORDS: Gicerin; neural cell adhesion molecule; transgenic zebrafish; functional analysis. 



INTRODUCTION 

Based on a variety of in vitro experiments and their 
patterns of expression in vivo, ceil adhesion molecules 
have been implicated as playing major roles daring the 
generation of neural specificity, including neurite out- 
growth, growth cone guidance and target recognition (1 ). 
However, genetic analysis in both Drasophila and 
mouse has not yet completely evaluated these functions. 
Some advanced genetic approaches in Drosophila are 

' Departed* of Pharmacology, Osaka University School ofMcdjcine. 
Osaka, Japan. 
'DeparmteaofPlqrjTOk^ 

'National Institute for Physiological Sciences. CHwzalri. Japan. 

■* Address reprint requests to: Dr. Naomasa Mild, Department of Phar- 
macology, Osaka Urriverstty School of Medicine, 2-2 Yantadaoks, 
Stttta. Oaaka 565, Japan. Tel: Sl-«^79-352D; Fax: 8HS-879-3529. 

* Special issue dedicated to Dr. Kinya Kuriy*ma. 



providing a chic to understanding the in vivo roles of 
neural cell adhesion molecules. For example, ectopic ex- 
pression of a member of immunoglobulin superfamily 
showed an altered pattern of growth cone guidance in 
certain neurons (2). Such approaches, however, are not 
always practical for the investigation of vertebrate mol- 
ecules. 

Transgenesis has been attempted in many verte- 
brates by injecting plasmid DNA into fertilized eggs, 
raising embryos to adults, breeding die offspring, and 
screening them for transmission of injected sequences. 
However, the long generation time of some animals 
makes this approach time-cortsuming and cumbersome. 
Furthermore, if the gene product to be expressed is fatal 
to the organism, it is impossible to establish stable trans- 
genic animals. 

Here we describe a convenient method for in vivo 
analyses of the roles of ceil adhesion molecules in the 
vertebrate neural development, using transient transgenic 
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fish, that allows transgene expression in a directed pat- 
tern in normally developing nervous system. The ze- 
brafish is well suited for die study of development, 
especially neuronal development. Hundreds of eggs can 
be produced daily on a year-round basis from a small 
number of adult fish. The rapid development of the vir- 
tually transparent embryos makes it possible to unam- 
biguously identify many cell types as early as one day 
after fertilization. Recently, some approaches using tran- 
sient transgenic zebrafish are providing a possibility of 
its usefulness in the analyses of mammalian genes, and 
their organization and expression pattern are highly con- 
served from fish to mammals (3,4,5). Our aim in the 
present study was to use this rapid and convenient ze- 
brafish system to test the potential roles of chicken gi- 
cerin in neural development by directing its expression 
in the zebrafish nervous system. 

In the previous studies, we have reported on a ncu- 
rite outgrowth factor (NOF) and its receptor, giccrin, in 
chicken, CHcerin was first identified as a binding protein 
for NOF, a member of the laminin family of extracel- 
lular matrix proteins (6). Gicerin is an integral mem- 
brane glycoprotein of about 82 kD that is expressed 
temporally and spatially in the developing nervous sys- 
tem (7,8). By isolating and sequencing a gicerin cDNA, 
we have found that this ppotein is a novel member of 
the inxmunogiobulin superfamily. The in vitro experi- 
ments using L-cells transfected with gicerin cDNA 
showed that gicerin can Junction as a cell adhesion mol- 
ecule which has both hetexophiUc and hemophilic bind- 
ing activities (9,10). These results lead to the suggestion 
that gicerin might play a role during axonal guidance, 
since they are expressed on both growth cones and axon 
pathways they follow. 

For the further understanding of the in vivo roles 
of gicerin, we have generated transient transgenic ani- 
mals by microinjectmg chicken gicerin cDNA constructs 
into one-cell zebrafish embryos- The murine neurofila- 
ment promoter (NFP) was used to target the expression 
of transgene to the neural tissues. We investigated the 
expression pattern of gicerin in the developing zebrafish 
nervous system at cellular levels with whole-mount im- 
munohistochemistiy using a specific anti-gicerin antise- 
rum 



EXPERIMENTAL PROCEDURE 

Animals. Zebrafish were raised Mid maintained in aquaria at 28.5 
°C on a Hh ligtat/lOh. dark cycle essentially as described in toe Ze- 
brafish Rook (11). Fertilized eggs were collected each morning and 
raised in an embryo-rearing solution (1/3 Ringer's solution, pH 7.2). 



ss(h) w 
28.5 *C- 

Reconibinant DNA Constructions. All procedures were done fol- 
lowing the standard recombinant DNA techniques (12). An expression 
vector pcDNAl (Invitrogen) was digested with AjUll and treated with 
T4 DNA polymerase to produce blunt ends add subsequently Hindi}! 
linkers were added. The resulting plasmid was inserted by a XbcJ 
fragment of the E. coii p-galactosidase reporter gene (lacZ) at the Xbal 
site (13V Then the CMV promoter region was removed from this plas- 
mid by digestion with Hinditl and iigated to make a pronw tor-proving 
vector, Contain trig JacZ reporter gene downstream from the MindZU 
site. To construct pNFP-lacZ, a l.?-kb Hindlll fragment containing 
the promoter and enhancer of the murine neurofilament gene (14) was 
inserted into the HwdUl site of this plasmid. For the construction of 
pNFP-gicerin, pNFP-lacZ was digested with AW. reiigated. and then 
inserted by a BamJif/EcoJU fragment confining the fall-length 
chicken gicerin cDNA sequence (9) at the comparable she of the plas- 
mid (Fig. I). 

Microinjection and Detection oj ' fl-GalaCtOsldase Activity. For ta- 
llied zebrafish eggs were pipetted onto an agarose 
d by resting glass slides in the lid of roo-mm Petri dish 
ig molten \% agarose. Sirpercojled plasmid DNA was injected 
)8 prior to first cleavage with the aid of a micromanipulator, 
n solution contained 0-5% phenol red (used to estimate 
toe volume of the injection) and 25 ug/mlDNA in 0.1 M KCtU5,l6). 
To determine the patterns of B-gatactosidase expression, embryos were 
fixed at 24 h and assayed for ^-galactosidase activity essentially as 
described by Westerfkld et al (3), Briefly, embryos were fixed in 4% 
paxaformaWehyde, 4% sucrose, 0.15 mM CaCl„ and 0.1 M sodium 
phosphate buffer (pM 7.2) for 1 hr at 4°C. The embryos were than rinsed 
in 0.1 M sodium phosphate, incubated in ] mg/mi 5-bron»4-chk>ro- 
mdxr/^D-galactopvrmoside (X-Gal; Stiatagene), 150 mM NaCl, 1 
mM MgO,. 1.5 mM K. [Fe,(CNU 13 mM KJT^CNW. «> 5 mM 
sodium phosphate buffer (pH 7.2), at 3T>C for 3 hours, fixed again, and 
then mounted in 50% glycerol and 0-1 M phosphate buHer. Individual 



istry. To provide a three-dimen- 
sional view of the distribution and morphology of gicerin-ptwmve 
cells, we reacted whole embryos as following procedures- Embryos 
were dechorinated by treating with 1 mg/ml pronase for 1 nun, rinsed 
several times, and fixed for 4 hr with 4% paraformaldehyde in 0-1 M 
phosphate buffer containing 0-15 mM CaCt and 4% sucrose (pH 7.2). 
They were rinsed with 0-1 M phosphate buffer and then with distilled 
water, and permeabilized with acetone at -20"C for 7 min. After rins- 
ing with distilled water, endogenous peroxidase was inactivated by 
treating the embryos with 0.3% hydrogen peroxide in methanol for 30 
roin. The embryos were rinsed with 4isti]ie4 water once mom, then 
with 0.1 M phosphate boiler, and treated whh 2% norma! goat serum 
in phosphate-lwflwed saline (pH 7.2), 1% B&A, 1% DMSO and 0.1% 
Triton X-tOO for 30 min to Mock non-specific binding sites. Following 
blocking, the embryo was incubated overnight at 4°C in the primary 
antibody, rinsed, incubated for 6 hr in biotmylsted goat anti-rabbit sec- 
ondary antibody, and then for 1 hr in horseradish peroxidase (HRP) 
avidra-biotin complexes (Vectastain Elite ABC kit. Vector Laboratories). 
The peroxidase reaction was carried out with diaminobctiridine (DAB) 
95 the chromogen. To clear toe embryos, they were immersed in a 1:2 

mixture of benzyl alcohol and benzyl bt 
100% methanol. In toe case of d< 

>A with antt-giceria ar 

ie kit IV (BC1P/NBT, 
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fif- 1. Recombinant DNA constructs used to generate transient trans- 
genic zebrafish embryos. To direct expression of transgenes to the 
nervous system, the l.Tkb of the murine neutofttonem gene promoter 
(NFP) was used. The construct NFP-lacZ contains the NFP (tigbtty 
striped boxes) fused to £ cvli lacZ reporter gear (striped pox), 
whereas the construct NFP-gkerm contains the NFP cloned in the 
front of the cocker, gjeerir> cDNA (solid box). polyA (open bo***); 
simian virus 40 TWlyadetrylaticn she. 




Fij. 2. The murine oeurofilament gene promoter (NFP) directed the 
expression of a marker gene, p-gajactosidase, to neuronal cells in tran- 
sjerjt transgenic zebrafish embiyo» at 24b, The g-galawosidase activity 
was detected by X-gal staining of the transgenic embryos in a whole- 
mount preparation. A. The NFP-lae7. tranggefte was activated in « tri- 
geminal sensory ganglion neuron located caudal to the developing eyes 
(asterisks). Horizontal view, rostral is the bottom. B. A rransgene- 
positive Rohon-Beard neuron in the dorsal region of spinal cord m a 
transgenic embryo. Materials of ventral region are yolk granules. Side 
view; rostral is to the right and dorsal it up. 



Vector laboratories) which develops into blue color. Then the erobryos 
were doubte-stained with a monoclonal HNK-I antibody wbjcfc could 
stain almost devetopjng neurons, next with a Wotirrylated goat anti- 
mouse IgM secondary antibody, and HRP stairotig as explained above. 
Unless otherwise stared, all incubations and rinses were carried out at 
room temperature on a shaker table. Individual expressing cells were 
counted and identified according to their locations and morphologies 
uaing Nomarski differential interference contrast microscopy. 
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RESULTS 

Activation of Murine Neurofilament Gene Promoter 
in Zebrafish. Tissue-specific promoters of zebrafish itself 
are at present not available for the directed expression 
of transgenic. We first examined whether the activation 
of murine neurofilament gene promoter (NFP) was re- 
stricted to the zebrafish nervous system, as previously 
described for its expression in mice (14). The putative 
endogenous fish neurofilament proteins, which can be 
detected with antisera derived from the mammalian neu- 
rofilament proteins, is known to be expressed in the cen- 
tral and peripheral neurons (17, 18). We visualized the 
activity of NFP in zebrafish by rmtrorajecting recom- 
binant DNA constructs into embryos at the one-cell 
stage and then assaying B-galactosidase expression in 
the embryos after fixation at 24 h. Fig. 2 shows transient 
transgenic embryos in which the expression of lacZ 
rransgene was directed to neuronal cells in the nervous 
system. The number of cells expressing the transgene 
was varied from 1 to 20 cells, dependent on individual 
embryos, probably due to an uneven, mosaic distribution 
of the injected DNA (3). The expression of NFP-lacZ 
was prominendy detected in trigeminal ganglion neurons 
(Fig. lA) and Rohoa-Beard neurons (Fig. 2B), both of 
which are primary sensory neurons that mediate touch 
sensitivity. These neurons initiate axogenesis at the early 
time, and appear to be the first neurons m the zebrafish 
embryo (19). As an expression marker, we used a lacZ 
gene encoding B-galactosidase, the most cornmonly used 
enzymatic reporter molecule. 

Since the B-galactosidase was not readily trans- 
ported into axons in transgene-positjve neurons, axons 
from the P-galactosidasc expressing neurons were hardly 
stained (Fig. 2). We then examined the distnTjurion of 
all transgenc-positive cells which were classified into 5 
different type of cells as described in the legend of Fig. 
3, and counted U4 cells in 51 animals for NFP-lacZ, 
and 2f50 cells in 72 animals for NFP-gicerin. The per- 
centage of transgenc-positive cells was plotted against 
the classified cells in each category. We found that tran- 
sient transgenic zebrafish embryos prefcrerrnally acti- 
vated NFP in the nervous system. In respect to its 
expression level, these NFP-drived transgenes showed 
high levels of expression in neurons compared to that of 
the other type of cells, if any (data not shown). Our 
results suggest that the murine neurofilament gene pro- 
moter is functionally working in zebrafish and is acti- 
vated within neurons as seen in transgenic mice. This 
indicates that transcription factors in zebrafish have an 
ability to recognize m-acting elements of murine NF 
gene. 
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Fit. 3. Tissue distribution of cells expressing truisgertes directed by 
" M promoter (NFP). The perecmagc of the total number 

— H v AMHut ^ nln«aA*ft r-ril tvnRX 



where 114 cells in 51 animate were caumcd for NFP-UcZ and 260 
cells in 72 animals far NFP-gicerin. Nervous system cells were iden- 
tified on the basis of their locations within the brain or spinal wrd 
Blood cells were identified by their rounded morphologies sod toca- 
tions in the Wood stream. SIpjb «tt» were the most superficul, flattened 
certs of the embryo. Muscle cells were identified by their elongated 
morphologies and striatioW- Cells ft* could not be placed into one 
of these four categories or that were ambiguous to identify were clas- 



NetavnSpecific Expression of Chicken Gicerin in 
Zebrafish, We also used ad NFP for the directed ex- 
pression of chicken gicerin in the developing nervous 
system in zebrafisk Chicken gicerin was expressed ex- 
clnstveiy in neuronal cells one day after transgene injec- 



s (19). No t 

nous materials were detected in normal zebrafish em- 
bryos when stained with an anti-chicken gicerin 
antiserum (n - 50, data not shown). As shown in Fig. 
4, the expression of chicken gicerin in zebrafish was 
temporally and spatially regulated by die murine neu- 
rofilament gene promoter. The NFP-gicerin transgene 
was detected in the developing neuronal cells around 
20b of embryonal stage when primary neurons differ- 
entiated and started to project their axons. On the beghv 
niog of differentiation, neuroepithelial cells in the 
hindbrain of a transgenic zebrafish embryo were stained 
weakly with an anti-gicerin antiserum (Fig. 4A). 
Through 22h and 24h of the embryonal development, 
gicerin-expressmg Rohon-Beard neurons projected their 
central axons bom anteriorly and posteriorly, and panic- 




Fig. 4. Time course of gicerin exprcSikra u 
lament gene promoter. The NFP-gicerin «nmsgene was detected in *e 
developing neuronal cells wound 20h of embryonal stage (A). Dtffer- 
errtjatog neuroepithelial cells (asterisks) in the bindbrain of a transgenic 
zebrafish eaobryo were stained weakly with the srtfr-gjeerin antiserum. 
The cell bodies of transgenc-positive neurons ai* indicated by at 



Through 22h (B) and 24h (C and D), gioerm-exnressing Rohon-Beard 
neurons projected their central axons Mdrreaiorauy and paTocipated in 
the formation of the longitudinal axon tract in the spinal cord (arrow- 
heads), white their peripheral axons (open arrowheads) branched in the 
Skin- Peripheral axons of neurons in (C) arc out of the plane of focus, 
fa all panel* anterior is to the left, and dorsal is upwards. 



ipaied in the formation of the longitudinal axon tract in 
the spinal cord (Fig. 4B and C). The peripheral axons 
from a Rohon-Beard neuron formed an extensive arbo- 
rization on die surface of body, as a general partem of 
primary sensory neurons (Fig. 4D). 

Examination of the irjorounostaining pattern in gi- 
cerin-positivc neurons revealed a characteristic oudining 
of the somaia of stained cells as well as complete stain- 
ing of the cell processes, including the central and pe- 
ripheral axons and their growth cones (Fig. 4 and 5). 
These cellular localization of gicerin in transgene-posi- 
nve neurons in zebrafish brain were similar to that of 
gicerin-expressing neurons in the developing chick brain 
(unpublished data). In embryos containing a large num- 
ber of cells expressing transgene, gicerin-posiove neu- 
rons showed a fascjculation formation between their 
contacting central axons, resulting in a specific path of 
axonal tract, while their peripheral axons were in a form 
of nonfasciculated arborizations. A representative trans- 
genic embryo was demonstrated in Fig, 5. The growth 
cones of central axons projected from two neighboring 
gicerin-positivc Rohon-Beard neurons in the spinal cord 
exhibited a. beginning of ftsciculation formation, by 
catching and following the preceding axons each other 
(Fig. 5A). From the double-irnmunostaining of the same 
embryo with a HNK-l monoclonal antibody, which 
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n in a witole-mouM prep- 
aration- As an example, two gKerj»-eXJ>«»a)tg RobOfr-Btanl neurons 
(indicated as I and 2) in the spinal e«d of a transgenic embryo were 
shown (A). Xbey project central axons bo* awerioriy and posteriorly 

within lt» dorsolateral Spinal cord, while their peripheral axons are 

arborizing in the surface of trunk. The growth cones of their central 
axons (arrowheads for axons projected from fleuKm 1 and arrows for 
axons from nearon 2) are catching and following the preceding as 
« the Sites Of Contact (asterisks) where they may start to rascieii 

no tract In (B), the same embryo m (A) 

anti-HNK-1 fflflbody which could stain 




The scale of (A) is 90% of (B). Bar. 




d with pNFP-gicerin. Twenty neurons and 
e detected by an ann-gxeenn arrttserarn in 
this embryo. Only one side of the body **» iUustewed for the sim- 
ptierty. The transgerw was expressed in various type of neurons in 
transgenic embryos at 26 b- Antj-gicertn antiserum stained a neuron 
()) located in the region of vemrocandal duster in the brajin, its long 
OeseewMllg axon etttnded to the half of body length in path of the 
ventral longitoiinal tract (arrow). In parallel with this azonal tract, 



of Jftotoet-Bcard neurons (5) were arranged in the path of dorsal lor 
grtudmal axon tract (arrowhead), white their peripheral axons arboriz 
ewanstveiy in the skin. Neurons in the rdodbrara (3), in the region of 
posftXtc commissure (4) and others are ate " 
n, o; otic vesicle, e; eye, y; yolk. 



could stain almost developing neurons, this fasciculation 
was confirmed as a longitudinal axon tract in the dor- 
solateral spinal cord (Fig. 5B). It is considered that the 
formation of a fasciculation between giceria-positive 
neurons in transient transgenic zebraflsh may partly re- 
sult from tj»e hemophilic cell adhesion activity of exo- 



With flic prominent expression of gicerin in the pri- 
mary sensory neurons (trigeminal ganglion neurons and 
Rohon- Beard neurons), the traiwgene was also detected 
in various types of neurons in the transgenic zebrafish 
embryos according to their developmental stage; neurons 
in the region of the ventrocaudal cluster in the brain, 
hindbrain, otic vesicle, postntic commissure, motoneu- 
rons, ascending and descending interneurons, and so on. 
Among Irjandreds of gicejrm-posxhve embryos, we illus- 
trated a representative transgenic animal with schematic 
diagram which shows the relative position and mor- 
phology of gicerin-positive neurons (Tig. 6). 



We firstly found that the rx 
promoter is activated in specific regions of developing 
zebrafish embryos, suggesting that the promoter activity 
is conserved from fish to marnrnals. .Previously, several 
groups have studied NFP-deriven reporter genes in dif- 
ferent mammalian cell lines, but no cell-type specific 
expression was observed (14). These results imply that 
in vjtro expression experiments of NF gene do not ad- 
dress the tissue-specificity of NF gene expression 
Therefore, experiments were required using transgenic 
animal in order to examine the neural specificity of NF 
gene expression (20, 21). Our data using zebrafish are 
comparable to those of transgenic mice, with regard to 
the tissue-specificity of NF gene promoter, and support 
the usefulness of this rapid transient transgenic animal 
system in the functional analyses of promoter activities 
that regulate gene expression in vertebrates- 

]n this transient expression system, the majority of 
animals contained a small number of transgeoe-posttive 
cells per embryo, probably due to a mosaicism of trans- 
gene expression (3) or its combination with tissue-speci- 
ficity of the promoter. The restricted pattern of transgene 
expression, however, is rather favorable for the analyses 
of the roles of cell adhesion molecules in the developing 
e the expression of transgene only 
in a tew cells is easy to follow overall development of 
the neurons in transgenic embryos 

We used the NFP to direct ectopic expression of 
chicken gicerin to the nervous system in zebrafish. Tran- 
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sieot transgenic embryos injected with the NFP-gicerin 
construct showed somewhat more neuron-specific pat- 
tern of expression than those injected with NFP-lacZ 
construct. This is probably due to difference in sensitiv- 
ity of the assays used to detect transgene expression or 
promoter strength between nervous system and the other 
tissues. The other possibility is that die expression of 
chicken gicerin affected cell differentiation of the de- 
veloping zebrafish embryos. It has been reported that a 
switch in cell fate can be induced by ectopic expression 
of a gene (22,23). 

Chicken gicerin was expressed on the .entire pro- 
jections of neurons, including axons and growth cones 
as well as cell bodies, in transgenic embryos. Axons 
from gicerin-expressing zebrafish neuronal cells cxibited 
a fasciculation formation with neighboring gkerin-pos- 
itive axons, may partly due to homophilic cell adhesion 
activity of gicerin (9,10). Although we did not examine 
the interactions between chicken gicerin and endogenous 
molecules in zebrafish, it is possible that the presence of 
HOF* and giccrin-like molecules in zebrafish can inter- 
act with the exogenous chicken gicerin by beterophilic 
or homophilic cell adhesive activities. Recently, several 
studies have provided new insights into die cellular and 
molecular cues required for correct axonal pamfinding 
(24,25,26). These studies have uncovered the intriguing 
evolutionary conservation of the basic molecular and 
cellular mechanisms underlying growth cone guidance 
and target recognition, since many proteins involved in 
such process share structural similarities in different spe- 
cies- 

In conclusion, our experimental results support the 
usefulness of the transient transgenic system using ze- 
brafish in the analyses of gene promoter activity, and 
suggest that transgenic zebrafish system may be very 
useful in studying the in vivo function of a variety of 
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SUMMARY 

The green fluorescent protein (GFP) acts as a vital dye upon the absorption of blue light. When the gfp gene is 
expressed in bacteria, flies or nematodes, green fluorescence can be directly observed in the living organism. We inserted 
the cDNA encoding this 238-amino-acid (aa) jellyfish protein into an expression vector containing the rat myosin light- 
chain enhancer (MLC-GFP) to evaluate its ability to serve as a muscle-specific marker. Transiently, as well as stably, 
transfected C2C12 cell lines produced high levels of GFP distributed homogeneously throughout the cytoplasm and 
was not toxic through several cell passages. Expression of MLC-GFP was strictly muscle-specific, since Cos 7 fibroblasts 
transfected with MLC-GFP did not fluoresce. When GFP and pGal markers were compared, the GFP signal was visible 
in the cytoplasm of the living cell, whereas visualization of PGal required fixation and resulted in deformation of the 
cells. When the MLC-GFP construct was injected into zebrafish embryos, muscle-specific gfp expression was apparent 
within 24 h of development, gj'p expression was never observed in non-muscle tissues using the MLC-GFP construct. 
Transgenic fish continued to express high levels of gfp in skeletal muscle at 1.5 months, demonstrating that GFP is an 
effective marker of muscle cells in vivo. 



INTRODUCTION 

The beautiful green bioluminescence emanating from 
the circular and radial food canals of the jellyfish 
Aequoria victoria is ultimately caused by the emission of 
green light from a cyclical amino-acid (aa) chromophore 
which is an integral part of the green fluorescent protein 
(GFP) (Prasher et al., 1992). When gfp cDNA was cloned 
and expressed in bacteria, Caenorhabditis elegans (Chalfie 
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{product of gene lacZ): bp, base pair(s): C. Caenorhabditis: CAT, chlor- 
amphenicol acetyltransferase: cDNA, DNA complementary to RNA: 



et al., 1994) or in Drosophila melanogaster (Wang et aL 
1994), a green fluorescence (GF), with an emission peak 
at 509 nm, was directly visualized in vivo. Many reporter 
systems allow the quantitation and localization of pro- 
teins expressed within prokaryotic as well as eukaryotic 
cells. A distinct advantage of GFP is that its fluorescence 
depends only upon the presence of the protein (inducible 
at blue excitation wavelengths in the 360-420 nm range). 
Therefore, GFP is a marker whereby GF can be plotted 

CMV. cytomegalovirus: DM EM, Dulbeccos modified Eae!e - s medium: 
dNTP. deoxyribonucleotide triphosphate: D.. Drosophila: FCS. fetal calf 
scrum: FITC. ftuoroisothiocyanaie; GF. green fluorescence; GFP. GF 
protein: afp, gene I DNA) encoding GFP: Hy. hygromycin; kb, kilo- 
basels) or 1000 bp: MLC. myosin light chain: MLC. gene encoding 
MLC: MLCE. MLC element: nt nucleotide(s): PCR, polymerase chain 
reaction:./), promoter: p_ plasmid: PoIIk. Klenow (large) fragment of £. 
coli DNA polymerase I: R . resistant/resistance; S65T, Ser" ->Thr; UTR, 
untranslated region(s): wt. wild type. 
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Fig. 1. The gfp plasmid expression vectors were derived from TU#65. a Bluescript <Stratagene. La Jolla. CA. USA) vector containing the full-length 
cDNA fragment from .4. victoria (Chalfie et al.. 1994). A rat MLC expression vector {Donoghue et al., 1988) with a unique Hindlll site at the junction 
between the i.5-kb MLC promoter and the 0.8-kb SV40 poly(A) sequence fused to the muscle specific MLC 0.9-kb enhancer was linearized, then 
blunt ended using Pollk and dNTPs (Ausubel et aL 1993). A microeoccal-nuclease-treated 0.78-kb Kpnl-EcoR\ gfp fragment from TU#65 was 
subsequently iigated into the MLC vector to create MLC-GFP. CMV vectors were constructed in pcDNA3 (Invitrogen). The Kpnl-EcoRl gfp cDNA 
was directionally cloned into the corresponding sites of the pcDNA3 polylinker (CMV-GFP). The lucZ expression vectors were constructed with a 
3.5-kb Noil fragment of an SV40 lacZ vector (pSVp. MacGregor and Caskcy. 1989) inserted into the Norl site of pcDNA3 to yield CMV-UicZ. or 
blunt end Iigated into the MLC-CFP vector described above, to generate MLC-lacZ. A serine within the chromophore was mutated to a Thr (TCT 
to ACT) by a modified PCR mutagenesis I funis et a I.. 1990). The mutation was confirmed by DNA sequencing and the mutated gfp was cloned into 
pcDNA3 for comparison to wt. 



Fig. 2. Applications of GFP, (A) Live cultures of Cos 7 cells transfected with CMV-OFP i 10 x lens). (B) Background fluorescence of untransfected 
Cos 7 cells (10 x lens). (C) Bright field photograph of growing Cos 7 fibroblasts. (D) Cos 7 cells transfected with CMV-lacZ then fixed after 48 h in 
culture (20x lens). (3Gal activity was visualized as previously described (Ausubel et al.. 1993). (E) Live Cos 7 cell cultures transfected with CMV- 
GFP containing the S65T mutation (25 x water immersion lens). <K) Live Cos 7 cells transfected with wt CMV-CFP photographed under the same 
conditions as for E. Methods: The indicated plasmids were CsCl gradient purified then transiently transfected into Cos 7 fibroblast cell lines. 60 mm 
culture dishes containing 5 x 10 5 cells were incubated for 8 h with 3 ug DNA/I0 u! Iipofectamine (Gibco BRL)/3 ml DMEM. The transfection media 
was removed and replaced with culture medium (DMEM with 10% FCS/100 units streptomycin/100 ug penicillin/ml) for 14-20 h. GF was visualized 
using an Optiquip model #1500 power supply with a Xe/Hg light source set at 200 W (Hg lines). Photographs were taken on 400 speed film through 
a Zeiss axioplan microscope. The filter set was either a Zeiss #10 (FITC) or a customized set which eliminates some of the green autofluorescence 
(Chroma standard GFP set). 
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over time in living cells or transparent organisms with 
no addition of exogenous substrates. Bacteria engineered 
with a T7 RNA polymerase promoter generate high levels 
of GFP (Chalfie et al, 1994; Inouye et al., 1994) that can 
be aerobically cultured without loss of GF or toxicity to 
the cells. In C. elegans, the B-tubulin promoter mec-7 
produces bright green touch-receptor neurons that can 
be observed continuously during development in the 
same animal (Chalfie et al., 1994). When a maternally- 
derived GFP fusion protein is expressed in transgenic 
£>. melanogaster, the fluorescent oocytes are resistant to 
photobleaching, are homogeneously labeled and can be 
directly observed with the confocal microscope in living, 
developing egg chambers (Wang et al., 1994). Other 
applications for GFP as a vital dye are just beginning to 
be realized. 

Because GFP is a relatively small protein that fluo- 
resces without the need for additional accessory mole- 
cules we evaluated its potential for tissue-specific 
expression during muscle development. The availability 
of muscle-specific control regions with known develop- 
mental profiles, such as the promoter and enhancer from 
the rat myosin light chain 1/3 locus, provide the opportu- 
nity to produce GFP-marked muscle cells which can be 
followed over time. The results of this report indicate that 
GF is readily visible in murine C2C12 muscle cells as 
transient and stable transfectants. Skeletal muscle fibers 
in transient transgenic zebrafish embryos and adults can 
be marked with GFP and observed with a fluorescent 
microscope in living animals. Expression is tissue specific, 
durable over time and non-toxic to the cell types we have 
studied. Muscle-specific GFP markers and different 
stage-specific control regions will provide powerful new 
tools for the study of zebrafish muscle development. 



RESULTS AND DISCUSSION 

(a) GFP is expressed transiently in Cos 7 fibroblasts and 
C2C12 myotubes 

We determined if GFP could be used as a vital dye in 
transiently transfected cell lines by comparison with GFP 



and fJGal signals. We placed the gfp cDNA from plasmid 
TU#65 (Chalfie et al., 1994) into two plasmids, one that 
was designed to function only in muscle cells (MLC-GFP) 
and one that could potentially be expressed in a variety 
of cell types (CMV-GFP). MLC-GFP (Fig. 1) is a 
pUC18-based myosin light chain vector consisting of 
1.56 kb of the MLC1 promoter, 0.84 kb of the small 
intron and polyadenylation site of the SV40 T antigen 
and 0.92 kb of the MLC enhancer (Donoghue et al., 
1988). In transgenic mice, the MLC enhancer was suffi- 
cient to activate high levels of developmentally regulated 
gene expression from the MLC I promoter (Rosenthal 
et al., 1989). Further analysis of transgenic fetal and neo- 
natal mice revealed that graded synthesis of CAT pro- 
duced from this construct is established during the initial 
stages of somitogenesis and is maintained during subse- 
quent maturation of somitic derivatives, persisting only 
in adult intercostal and intervertebral muscle groups 
(Donoghue et al., 1991; Grieshammer et al., 1992). In this 
study, the MLC-GFP construct lacked 5' and 3' UTR of 
gfp. The native jellyfish ATG, which is not a Kozak con- 
sensus sequence, was used for translation. For purposes 
of comparison, we inserted a lacZ reporter into the same 
site of a parallel MLC vector. We also generated gfp and 
lacZ mammalian expression vectors using the Invitrogen 
pcDNA3 plasmid (Fig.l). This construct drives high- 
level stable and transient expression of genes inserted next 
to a CMV promoter. 

When Cos 7 cells were transfected with CMV-GFP, 
bright GF was readily observable at 24 h post- 
transfection with a 10 x lens using the standard GFP 
filter set from Chroma (Fig. 2A). Because this construct 
allows for episomal replication in Cos 7 cells which lat- 
ently express the SV40 large T antigen, large amounts of 
GFP protein become concentrated in the cytoplasm. 
Positive cells were visualized without changing the media 
"or perturbing the culture. Green auto-fluorescing dead 
cells which interfered with the GFP signal were removed 
by washing with phosphate buffered saline. Any remain- 
ing dead cells fluoresced under both GFP and Texas red 
filter sets, whereas the GF from GFP-positive cells was 
visible only with a GFP or FITC (fiuoroisothiocyanate) 



Fig. 3. GF of myotubes. (A) Live cultures of C2C12 cells transfected with MLC-GFP (25 x lens, water immersion). (B) Background fluorescence of 
untransfected myotubes (25 x). (C) Bright field image of myotubes in culture (25 x). (D) C2C12 cells transfected with MLC-lacZ and fixed (20 x 
lensl. Panels E and F: two separate isolates of stable C2C12 myotubes. Methods: C2C12 myoblasts were seeded at 5 x 10 5 cells/60 mm dish in growth 
medium (DMEM/20% FCS/100 units streptomycin/100 fig penicillin/ml). Each lipofectamine transfection contained 20 ul lipofectamine and 5ug 
DNA. The cells were incubated in growth media for 24 h, then differentiated to myotubes in low serum with DMEM/2% horse serum for an additional 
48 h. MLC-GFP stable C2C12 cell lines were generated using a co-transfected Hy R vector (p3'SS, Stratagene). 100-mm dishes were seeded with 
0.1 x 10 6 myoblasts and lipofectamine-transfected using 15 ug of MLC-GFP and 1 ugofp3'SS in 6 ml of DMEM containing 30 uJ lipofectamine. After 
8 h in transfection media, cells were washed and replaced with growth media for 16 h. We generated a killing curve using Hy concentrations ranging 
from 200 to 800 ug/ml in growth media. We conclude that 600 ug Hy/ml is optimal for selection in C2C12 cells. The cells were incubated in selection 
media for one week and single colonies cloned and expanded. A portion of each clone was grown in low serum and tested for green fluorescence. 
Four of six Hy resistant lines resulted in bright green fluorescence upon differentiation into myotubes. 




filter set. MLC-GFP transfected into Cos 7 cells produced 
no GF (data not shown). The background auto-fiuor- 
escence from untransfected cells is shown in Fig. 2B. A 



bright field image ( 10 x lens) depicts the growing Cos 7 
cells (Fig.2C). In Fig. 2D, Cos 7 cells were transiently 
transfected with the CMV-lacZ vector and the pGal 



96 



activity visualized after fixation (Ausubel et al., 1993). 
Although BGal can be visualized in the Cos 7 fibroblasts, 
these cells were fixed and treated with exogenous sub- 
strate, whereas endogenous GFP (Fig. 1A) was observed 
with the fluorescence microscope in living cells. 

It has recently been reported that a Ser-*Thr (S65T) 
mutation in the GFP chromophore improves GF in bac- 
teria (Heim et al., 1995). We sought to determine if this 
mutation would fluoresce more brightly than wt GFP in 
Cos 7 cells. We generated an S65T mutation via PCR 
mutagenesis which was sequenced then subcloned into 
the pcDNA3 vector. Nominal differences in GF were 
observed between the S65T mutation (Fig. 2E) and the 
wt CMV-GFP construct (Fig. 2F) when transiently 
transfected into Cos 7 cells. Although we did not directly 
quantitate the fluorescence, we estimate the amount of 
GF resulting from the S65T mutation to be no more than 
2-fold that of the CMV-GFP generated GF. 

A parallel set of transfections was performed in C2C12 
myoblasts (Fig. 3). The gfp expression from the MLC- 
GFP construct was evident only after 48 h in differentia- 
tion media (Fig. 3A). During this time, transfected C2C12 
mono-nucleated myoblasts fused to form myotubes con- 
taining several nuclei within a single cytoplasm. GFP was 
produced throughout the entire cytoplasm in about 10% 
of the myotubes and was best visualized with a 25 x 
water immersion lens. The reduced resolution of GFP in 
myotubes when compared with the Cos 7 cells may be 
due to the larger amount of cytoplasm in the myotubes, 
to the relative number of gfp transcripts produced by the 
two constructs, or to different translational or post- 
translational environments in the two cell types. In dupli- 
cate transient transfections of C2C12 cells, variability in 
the GF of different myotubes was also evident (data not 
shown). The background fluorescence of an untransfected 
culture of C2C12 myotubes can be seen in Fig. 3B along 
with a bright field image in Fig. 3C. The MLC-lacZ con- 
struct was separately transfected into C2C12 myoblasts 
which were differentiated into myotubes and the PGal 
activity visualized after fixation (Fig. 3D). When the 
CMV-GFP vector was transfected into C2C12 myoblasts, 
expression was apparent in dividing cells at about 12 h 
post-transfection. However, once the cells were diff- 
erentiated into myotubes in low serum, GF was no longer 
apparent (data not shown). 

(b) Stable C2C12 myotube cultures produce GFP 

We determined whether gfp would continue to be 
expressed in mammalian cells when stably integrated into 
the chromosomes of muscle cells. C2C12 myoblasts were 
co-transfected in a ratio of 15:1 with the MLC-GFP con- 
struct, and a Hy R vector, respectively. Six resistant lines 
were expanded at low density as myoblasts. A portion of 



each clone was differentiated into myotubes and eval- 
uated for GF. As shown in Fig. 3E and F, myotubes from 
two differentiated C2C12 stable cell lines displayed vari- 
able levels of gfp expression. Since we have not evaluated 
other stably transfected cell types, it is not clear whether 
the variability in GFP produced was due to myotube 
formation or is an inherent quality of the protein or its 
expression. The gene appeared to be stably transmitted 
and expressed since the cells still fluoresced after three 
passages in selection media (data not shown). 

(c) Transiently transgenic zebrafish produce GFP 

We employed the chordate fish Danio rerio (zebrafish) 
as a facile test for expression of the MLC-GFP construct 
in living animals. Because these fish are initially transpar- 
ent, GF could be assayed directly using the same condi- 
tions as for the tissue culture cells. Non-linearized MLC- 
GFP plasmid was injected into fertilized zebrafish eggs 
and muscle-restricted GF was first observed in mosaic 
animals after 24 h of development. At this time, the 
embryos have just straightened and are beginning to flex 
their tail muscles. The injected embryo in Fig. 4 has devel- 
oped approx. 30 somites. Its appearance under bright 
field microscopy can be viewed in Fig. 4. Of more than 
50 expressing survivors, all had differing numbers of 
labeled somitic muscle fibers. The uninjected 36-h embryo 
in Fig. 4 produced background fluorescence primarily in 
the yolk cells. GF derived from the MLC-GFP construct 
was not observed in any other tissue of these mosaic 
animals. This observation is in contrast to embryos 
injected with the CMV-GFP construct where groups of 
unidentified, non-muscle cells at the ventral border of the 
yolk sac were labeled with GFP (data not shown). 

One of the MLC-GFP injected survivors was observed 
with GF and bright field optics as a fry after 1.5 months 
of development (Fig. 5). Despite the development of 
scales, this older zebrafish continued to be transparent 
to the blue excitation wavelengths necessary to stimulate 
the visible muscle-specific GF observed in this transient 
transgenic animal. The gfp gene continued to be 
expressed and/or the protein was. stabilized only in skele- 
tal muscle cells. 

(d) Conclusions 

(1 ) In this study we have demonstrated the use of GFP 
as . a vital dye in muscle cell cultures and transient 
transgenic, zebrafish muscle. The primary advantage of 
GFP over other available reporters such as lacZ is that 
gene expression can be continuously observed in living 
cells, while fixed cells are lost to further analysis. 
Although it is possible to visualize BGal activity in living 
cells using the substrate fluorescein-di-B-D-galactopyra- 
noside (Molecular Probes), g/p-expressing cells can be 
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observed directly without perturbing the cultures or ani- 
mals with additional components. We envision that stable 
cell lines could be rapidly produced using GFP, since GF 
cells could be identified without drug selection. 

(2) Since the GF generated in myotubes by the MLC- 
GFP construct was visible only at a 25-fold" magnification 
or more, this suggested that the protein concentration 
was lower in these cells than in the CMV-GFP transfected 
Cos 7 cells where GF was visible using a 10 x lens. This 
observation may be due to a combination of a weaker 
promoter and/or a larger cytoplasm when compared to 
the Cos 7 transfections. In addition, the expression or 
post-translational modification of GFP protein, as well 
as the redox environment could be more favorable in Cos 
7 cells. Since muscle cells fuse to form syncytia of many 
nuclei contained within a single cytoplasm, a relatively 
strong muscle-specific promoter/enhancer construct such 
as MLC-GFP was capable of producing detectable levels 
of GFP protein in transient transfections. A weaker 
1565-bp myogenin promoter (Cheng et al, 1993) regulat- 
ing gfp expression generated very low levels of GF in 
transiently transfected C2C12 cells. However, when the 
myogenin-GFP plasmid was injected into zebrafish 
embryos, muscle-specific GF comparable to that gener- 
ated by the MLC-GFP construct was detected after 24 h 
(data not shown). Perhaps the construct was integrated 
into the genome of the embryo such that multiple copies 
of myogenin-gfp were generated during the rapid replica- 
tion of DNA before the midblastula transition when 
zygotic genes are transcribed (Westerfield, 1993). This 
would allow for the production of larger amounts of GFP 
protein than in transient transfections. 

(5) The GFP protein is not toxic to mammalian cells 
since C2C12 cell lines expressing gfp can be passaged 
several times. Similarly, zebrafish embryos injected with 
the MLC-GFP construct transiently expressed high levels 
of tissue-specific protein without any deleterious effect. 
This property of GFP makes it a useful vital marker for 
the preparation of transgenic animals. Since the introduc- 
tion of transgenes is very inefficient in zebrafish (Lin et al., 
1994), a readily detectable marker would be invaluable. 
In addition, constructs carrying different promoters regu- 
lating gfp expression in a cell or tissue-specific manner 
could be used to follow developmental processes in vivo. 
Cell migration and morphogenesis could be directly com- 
pared in wt and mutant animals. 

(4) The MLC-GFP stable cell lines generated GF only 
in myotubes, providing a useful marker for the study of 
muscle differentiation in cell culture. The timing of other 
muscle-specific regulatory regions expressing gfp could 
also be assayed in this system. We could not select gfp- 
expressing muscle cells directly since the MLC control 
regions initiate expression only during differentiation, 



when cells enter G 0 and no longer replicate. Although 
other constructs such as CMV-GFP may be expressed in 
a number of different zebrafish tissues, the MLC-GFP 
construct can be used in studies of muscle differentiation, 
since its expression is strictly muscle-specific. One disad- 
vantage of the rat MLC-GFP construct is that it is not 
expressed until relatively late during development in the 
transiently transgenic zebrafish. Additional zebrafish- 
specific control elements may be required for accurate 
timing of expression. Notably, the rat MLC transcrip- 
tional control regions present in our construct were capa- 
ble of directing muscle-specific expression of gfp in the 
zebrafish. This functional conservation of promoter and 
enhancer activity probably extends to other genes as well. 
We are currently investigating the use of other. GFP 
muscle markers in the study of muscle differentiation in 
the developing zebrafish embryo. 
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Abstract: The need to develop new stocks of fish for aquaculture is increasing every 
year. One contribution to meeting future needs is to develop new lines of super fish that 
will have improved growth rates and increased resistances to environmental stresses 
and antagonists. Transgenic fish have been made over the past 15 years. The results 
have taught genetic engineers many lessons and have identified unsuspected 
problems. Here we review the reasons for making transgenic fish, the methods used to 
produce such fish, the results from the first and second waves of fish genetic 
engineering, and the new directions in which genetic engineering in fish is likely to go in 
the next decade. These new directions and demands for organisms will depend on the 
employment of new technologies and genetic tools that are just emerging. Development 
of transgenic fish has an added value, that is, of using fish as a model system for 
studies of the molecular genetics of growth and development of all vertebrate animals. 
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Introduction 

The most recent review from the United Nations Food and Agriculture Organization 
concludes that nearly two-thirds of the world's fisheries are either in their peak production stages 
or in senescence. Moreover, even though some forecast that it may be possible to increase the 
production of fish from the current plateau of about 90 million tons per year to 110 tons per 
year; the possibility for increases are based on unreliable data (FAO, 1997). A major part of the 
problem is that the world's aquatic resources are being exhausted by over harvesting of fish and 
shellfish. The annual U.S. consumption of about 20 kg of fisheries products per person, which is 
expanding with increasing appreciation of the dietary benefits of fish, requires the harvest of a 
total of about 6 million metric tons per year (Parfit, 1995). To meet such demands, which are 
worldwide, fishing fleets are harvesting more fish and depleting wild fisheries (e.g., Roughgarden 
and Smith, 1996; Cook et al., 1997; Malakoff, 1997). Establishing moratoria on fishing is 
economically and politically difficult (Spurgeon, 1997; Masood, 1997a, b; Schmidt, 1997; 
ScienceScope, 1998), and the strategy will not result in increased harvests in the long run. 

The contribution of fish raised in aquacultural facilities is providing an increasing 
percentage of consumed fish, currently about 20 percent of the total fish harvest. In the U.S., 
aquaculture of catfish predominates over other types of fish. Catfish feed is about 28 percent 
protein, consisting of as little as 2 to 4 percent fishmeal. Because the feed conversion rate is as 
high as 2:1 (Li and Lovell, 1992), fish farming produces more fish than are consumed as food. 
Carp and tilapia farms comprise the bulk of aquaculture elsewhere in the world. However, it is 
becoming apparent that aquaculture sometimes is inefficient and it can be ecologically harmful. 
For instance, between 1986 and 1997, the annual production of farmed salmon, outside of the 
United States, increased from less than 100,000 metric tons to about 644,000 metric tons valued 
at about $2 billion. Their value was due in part to the high quality of feed, consisting of about 
45% fishmeal and 25% fish oil, which are required at about a 2.8:1 (weight:weight) ratio of input 
food to harvested fish. Thus, about 1.8 million metric tons of fish were required to produce 
644,000 tons of fish for the table (Naylor et al., 1998). Other problems with farmed fish include 
their high densities of growth, which can lead to environmental pollution and, even in some cases, 
to abandonment of aquaculture farms (Masood, 1997c). 

New solutions are necessary to achieve larger fish harvests, which require lower inputs of 
fish as food, under controlled environments at high density. Part of the solution must include the 
fish themselves. Creation of genetically superior stocks of fish that can be farmed at a faster rate 
for lower cost is needed. There are three methods to achieve improved stocks of fish and other 
commercially important animals. The first is classical breeding, which has worked well for land 
animals, but it takes decades to make major changes. Breeding programs for fish require large and 
expensive facilities. Nevertheless, by controlled breeding, growth rates in coho salmon 
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{Oncorhynchus kisutch) increased 60% over four generations (Herschberger et al., 1990) and 
body weights of several types of fish have been increased 10 to 30% over three generations 
(reviewed in Dunham and Devlin, 1999). The second method is marker-assisted selection, a 
method that utilizes specific genetic markers associated with desirable traits to improve breeding. 
The method is discussed in the section on the third wave of genetic engineering. The third method 
is genetic engineering, a selective process by which genes, whose behaviors we think we 
understand, are introduced into the chromosomes to give an organism a new trait or characteristic. 
The most frequent trait sought so far in fish is improved growth rate (reviewed in Iyengar et al., 
1996; Dunham and Devlin, 1999). The results of genetic engineering have exceeded those of 
breeding in some cases. In a single generation, the following groups report significant increases in 
body weight have been achieved: 1) 50 to 90 percent in common carp and tilapia with trout or 
tilapia growth hormone genes, respectively (Chen et al., 1993; de la Fuente et al., 1998). 2) 200- 
400 percent in tilapia with extra salmon growth hormone genes behind the promoter for the ocean 
pout anti-freeze protein gene (Rahman and Maclean, 1998b). 3) More than 1000 percent in 
salmon with the Chinook salmon growth hormone gene and anti-freeze gene promoter (Du et al., 
1992b; Devlin et al., 1994a, 1995; Devlin, 1997). The advantage of genetic engineering in fish is 
that a desired trait can be directly targeted if the appropriate gene has been identified. 

The need for superior fish stocks with rapid growth rates and other traits, spawned 
several efforts to genetically engineer fish. In 1985 fish physiologists and geneticists produced 
three important "first papers" for genetic engineering in fish: 1) Zhu et al. (1985) reported the 
first transfer of a single gene into fish that appeared able to transmit the transgene through the 
germline. 2) Gill et al. (1985) showed that enhanced levels of growth hormone in fish tissues led 
to increased growth rates. 3) Sekine et al. (1985) reported the first clones of a fish growth 
hormone gene. It must be noted that the first example of genetic transfer of DNA into fish cells 
occurred earlier with heterologous fragments of E. coli DNA (Vielkind et al., 1971) and large 
fragments of chromosomal DNA containing a locus that caused formation of abnormal 
melanophores (tumors) in Xiphorphorine fish (Schwab et al., 1976; Vielkind et al., 1982). Today 
the number of genetically engineered species of fish exceeds that of all other vertebrates combined 
(Pinkert and Murray, 1999; this review). With all of this activity, genetic engineering offish has 
been reviewed on a regular basis (Maclean et al., 1987; Maclean, 1988; Hew et al., 1989; Ozato et 
al., 1989; Chen and Powers, 1990; Cloud, 1990; Guise et al., 1991; Fletcher and Davies, 1991; 
Houdebine and Chourrout, 1991; Powers et al., 1992a; Moav et al., 1992b; McEvoy et al, 1992; 
Hackett, 1993; Jiang, 1993; Moav, 1994; Maclean and Rahman, 1994; Gong and Hew, 1995; 
Iyengar et al, 1996; Chen et al., 1996; Winkler and Schartl, 1997; Hackett et al., 1999). 

Here we briefly review the past to determine the problems that remain to be overcome in 
order to obtain the types of fish that will be so urgently needed in the future. Accordingly, we 
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will include some techniques, under development using laboratory fish that serve as inexpensive 
models for obtaining information necessary for elucidating genetic programs that determine 
growth, development, and health. These fish are ideal for developing new methods and 
technologies for gene transfer and gene inactivation because they 1) can provide copious embryos 
and offspring on a daily basis, 2) have relatively short generation times, 3) allow non-invasive 
examination of embryonic development and gene expression in real time on a cell-by-cell basis, 
and 4) are inexpensive to rear and maintain. In contrast, estimated costs of making a transgenic 
livestock animal range from about $60,000 to $500,000 with current technologies (Moffat, 1998). 
Consequently, studies of genetic engineering in fish not only will lead to greater versatility in the 
genetic re-prograrnming of commercial fish but will also provide insights into the genetics of 
growth and development in every other vertebrate, including humans. 

This review is divided into three principle sections that describe "waves" of activity in 
the genetic engineering of fish. The three waves are roughly chronological but, as with physical 
waves, activity in one place may be earlier or later than in another as the wave of ideas and 
technology flowed between various laboratories. The first wave of activity, lasting about ten 
years, covered the first attempts at transferring genes that would be expressed in fish and their 
progeny. The second wave continues through the present, when fish geneticists attempted to 
increase efficiency and sophistication of transgenesis. The third wave, which is just now 
beginning, encompasses future studies in the molecular genetics of transgenic fish. 

Fish Genetic Engineering: The First Wave 

Two sets of studies jump-started the making of transgenic fish. First Gill et al. (1985) 
showed that growth hormones from non-piscine vertebrates could accelerate growth when 
injected directly into fish tissues (also see Down et al., 1989; Skyrud et al, 1989). This 
demonstrated that the proteins encoded in mammalian growth hormone genes could stimulate 
growth in fish. Second, based on the gene-transfer experiments of Gordon and Ruddle (1981), 
Palmiter et al. (1982) had shown that transfer of genes into one-cell embryos could lead to 
enhanced rates of growth, which led to transgenic experiments in farm animals (Hammer et al, 
1985). Within months, Zhu et al. (1985) reported the first evidence of growth-enhanced fish and 
other reports quickly followed. The first wave of transgenic fish studies concentrated on gene 
transfer and subsequent expression in fish cells. The steps included 1) testing transcriptional 
regulatory sequences, 2) linking them to various genes, 3) introduction of the recombinant DNA 
constructs into fish cells and embryos, and 4) examining the expression patterns of the transgenes 
in tissue culture and fish. In this section we will concentrate on the lessons that were learned 
from these early experiments. 
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1. General steps to make and analyze transgenic fish 
a. Transgenic DNA constructs 

The first step in making a line of transgenic fish is to prepare a specific recombinant DNA 
construct. The construct contains both a gene encoding the protein of interest and genetic 
regulatory elements, which direct expression of the gene. Genetic engineering of fish for economic 
and/or scientific purposes generally requires the ability to express a protein of interest in the 
desired tissue(s), at the desired time(s) and at an appropriate level. To achieve these objectives 
the gene must be cloned into a vector that has the appropriate expression capability. Here we 
describe some of the considerations that were made in constructing recombinant DNAs for 
transgenic fish. 

To obtain sufficient amounts of a transgenic construct, it must be cloned into a vector that 
replicates to high numbers in a microorganism that can be grown at high density. All of the 
vectors used in fish genetic engineering are plasmids that can be replicated in Escherichia coli to 
provide more than 10 12 recombinant plasmids/ml, enough to engineer about one million fish. 

In many, but not all, transgenic experiments, the plasmid (also known as the "backbone") 
was removed from the DNA before transfer to cells. There are two major reasons for this, both 
resulting from the prokaryotic origin of plasmids. The first is scientific. Removing the bacterial 
DNA should remove any genetic effects of the prokaryotic DNA on the eukaryotic 
transcriptional elements. Bacterial DNA often has a high occurrence of CG-dinucleotide base 
pairs, which in vertebrates can be methylated. Methylation has been correlated with gene 
inactivation (Riggs, 1975; Jones, 1999). CG's are relatively scarce in eukaryotic genes, except 
around certain control regions (Tazi and Bird, 1990). Transcriptional inactivation can spread from 
areas containing methylated cytosines to adjacent regions and thereby reduce expression of 
neighboring genes (Kass et al., 1993; Hsieh, 1997). One study has shown the relationship of 
transgene methylation and loss of expression in fish (Gibbs et al., 1994a). The second reason for 
removing plasmid sequences was politically and philosophically based. There were concerns that 
fish genomes should not be exposed to prokaryotic DNA since this would be unnatural and hence 
risky in terms of unknown effects resulting from the intermingling of eukaryotic and prokaryotic 
DNA. Note, that here are about 10 13 to 10 14 bacterial genomes in each human and the same 
density probably infest fish. Thus, fish are inundated in prokaryotic DNA. Nevertheless, nearly 
every line of transgenic fish prepared for commercial (but not scientific) purposes has had the 
plasmid sequences removed from its transgenic construct. 
1) Genetic regulatory sequences. 
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Of the estimated 100,000 genes in vertebrate genomes, about 12,000 are expressed in every cell 
(Hastie and Bishop, 1976; Adams et al., 1992), most of which are housekeeping genes that are 
required for simple cellular functions. That leaves about 2,000 genes that direct each cell to 
perform its specialized functions in a particular tissue. Consequently, in most cells, most genes 
are off most of the time and are only activated for expression in response to precise signals. 
Genetic engineering offish requires an appreciation that the default state of a gene is "off." 

Genetic regulatory elements are sites required for initiation of transcription, termination 
of transcription, RNA splicing and initiation of protein synthesis. The genetic elements regulating 
initiation of transcription will determine when, where and how much expression will occur. These 
signals have been the focus of considerable study by many labs. In contrast, mRNA processing 
steps, such as transcriptional termination and splicing, were thought to be ubiquitous and 
uncomplicated. Consequently, the splicing and termination signals from a primate virus, SV40 
(Huang and Gorman, 1990a), were often used in transgenic constructs delivered to fish. Further 
studies (Chabot, 1996; Kramer, 1996; Neugebauer and Roth, 1997; von Hippie, 1998) have 
increased our appreciation of how subtle variations in these elements can be used to regulate gene 
expression. Consequently, there have been efforts to use piscine elements in "all-fish" transgenic 
vectors (e.g., Liu et al., 1990d; Du et al., 1992b; Cavari et al., 1993b). 

Basal promoters direct only marginal, if any, transcription of downstream genes. To be 
transcriptionally active, a promoter requires other sites, called enhancers and silencers, which 
bind regulatory proteins to modulate transcription (Blackwood and Kadonga, 1998; Yuh et al. 
1998). The trans-acting transcriptional proteins can contort DNA (Muller et al., 1989) and alter 
or reposition nucleosomes (Lowary and Widom, 1997; Struhl, 1998). Some sequences can act as 
both enhancers and repressors and a regulatory protein can increase or depress transcription (e.g., 
Essner et al., 1997, 1999). A key finding was that any enhancer appeared to be able to drive any 
promoter (Kermekchiev et al., 1991; Pollock and Gilman, 1997). The last concept suggested that 
regulatory components from genomes of land vertebrates would be active in fish, thereby making 
genetic engineering of fish possible without a great deal of work in isolating genes and their 
promoters from fish. 

As a result, an initial goal was to determine the relative strengths of various 
enhancer/promoter complexes, from land vertebrates and their viruses, in fish. In an earlier review 
(Hackett, 1993), enhancer/promoter strengths were estimated from activities found in tissue- 
cultured cell lines and in transgenic fish. These estimates were premature. The evaluations 
depended on comparisons of transcriptional activities from many sources. However, the amount 
of an mRNA in a cell or fish reflects the difference in its rate of synthesis and its rate of 
degradation, neither of which is easily quantifiable. Accordingly, enzymatic activities of reporter 
genes such as chloramphenicol acetyl transferase (cat), P-galactosidase (from the lacZ gene) and 



luciferase (luc), which can be measured accurately in small amounts, are often used as a measure 
of RNA expression. Theoretically this approach is not rigorous because variable processing and 
degradation rates may independently affect protein accumulation (Huang and Gorman, 1 990b). 
But, there has been a much greater problem in practice — enzymatic assays are nonlinear with 
enzyme concentration so that once a substrate is completely converted there is peak activity 
regardless of enzyme excess. In most of the publications describing relative promoter activities in 
fish, the displayed CAT conversion levels were in excess of 60 percent, well within the non- 
linear range of the assay (Moav et al., 1993), and almost never were standard activity curves 
employed to correct the raw data. 

Table 1 shows a compilation of the putative transcriptional strengths of various 
enhancer/promoter combinations using reporter genes in tissue culture. The most common basal 
promoter was that from the herpes simplex virus thymidine kinase (tk) gene, which was often 
linked to the CMV promoter or to inducible heat-shock and metallothionine promoters (Table 1). 
The ratings of enhancer-promoters in Table 1 must be viewed with caution even though many 
labs have examined them in many cell lines. One sees that there is little agreement between labs 
on the efficacy of using either of three well-studied viral promoters in fish. In the comparisons, 
we arbitrarily used the transcriptional regulatory sequences in the long terminal repeat sequence 
of the avian Rous sarcoma virus (RSV) as a standard. It can be seen from the reports of viral 
promoters in Table 1 that the enhancer/promoter complexes from the primate cytomegalovirus 
(CMV) and SV40 virus, as well as P-actin genes from several sources, have reported activities 
that vary as much as 100-fold in various cell lines and labs. This is quite surprising. These 
promoters give robust expression and the delivery of the transgenic constructs to the cell lines is 
relatively easy. 

The conclusion we draw is that the RSV, CMV and SV40 promoters are all rather strong, 
and most importantly, are active in most, but not all, tissues or cells. Likewise, the data in Table. 
1 demonstrate that several inducible promoters from non-piscine origin are active in a wide 
variety of fish cell lines, but not always at the same levels. Together these data show that 
transcriptional proteins in fish and other vertebrates are fairly well conserved, as was suggested 
early from an examination of the enhancers and promoters of the carp (3-actin gene in fish, birds, 
and mammals (Liu et al., 1990a, b). Despite some suggestions that fish enhancers and promoters 
are "special" there is no rigorous proof that they work better to direct transcription in fish than 
the same elements from animal genomes. 

Of course the real question is how well these promoters work in fish embryos and their 
differentiated tissues. The problem seen in tissue culture was exacerbated. Expression from the 
same viral genetic constructs in fish embryos varied by orders of magnitude in different fish 
within the same studies, making it impossible to calculate promoter strengths. A compilation of 



9 



constructs using reporter genes is shown in Table II. When expression levels in individual fish 
embryos are provided (e.g., Winkler, 1991, 1992; Sekkali et al., 1994; Alam et al., 1996) 
variations of 100 to 10,000-fold are seen for the same promoters driving different reporter 
constructs. This is due to two effects. First, the lacZ and cat genes have a useful range of about 
100-fold, while expression of luciferase can be quantified over a range of more than 10 5 . Second, 
depending on the fate of the transgenes in a given embryo, a wide variation in expression can be 
obtained. Thus, in Table II, the best we can do is display the wide use of some promoter-gene 
constructs and whether expression was achieved in the fish into which the constructs were 
delivered (F 0 expression) and stable (F, expression). The presumption is that the approximate 
levels of expression, achieved from enhancer/promoter complexes in cultured cells, reflect the 
levels that might be achievable in a whole fish. But, there is no proof of this. What is needed is 
careful quantitative assessment of expression in fish of the same gene in different tissues and 
from developmental periods. We will come back to this subject later in discussions of methods 
for assuring reproducible expression of transgenes. 
2) Genes 

Just about every early transgenic fish study employed a modified gene, often a cDNA that 
encoded a desirable protein product, linked to a heterologous promoter as described above. The 
most common genes (cDNAs), besides reporter genes tabulated in Table 2, were those that 
encode growth hormones (GH). Table 3 lists many of the transgenic constructs of genes and 
heterologous promoters that conferred "gain-of-function" to transgenic fish. As with the data in 
Table 2, reliable estimates for the levels of gene expression are nearly impossible to assess, except 
in rare cases, because of the enormous variation in expression per animal. Hence, one can at best 
look for expression of the gene product by RNA or protein assays in the F 0 and F, generations 
and for phenotypic effects. The review by Iyengar et al. (1996) does an excellent job in 
discussing these reporter genes as well as growth hormone and related genes. 

The information in a transgene may be delivered as a complete gene, a cDNA, a minigene 
(a gene that has had one or more but not all of its introns removed), or a mix of a cDNA with 
sequences from another gene. Many genes are not expressed at their normal levels unless they 
contain an intron (Brinster et al., 1988; Huang and Gorman, 1990a). Consequently, the earliest 
expression vectors made for mice included an intron that could function for intact genes, mini- 
genes and cDNAs (Hammer et al, 1985). The reasons for needing introns are still not clear. 
Several introns, such as the first intron in the P-actin genes of vertebrates, contain enhancer 
elements that can facilitate transcription (Liu et al., 1990a,b,c) as well as RNA stability. 
Betancourt et al. (1993) examined the efficiencies of gene expression in some fish cell lines to 
determine if "fish introns" were more useful than those from the genomes of land vertebrates. 
They found that the SV40 VP1 intron inhibited expression in some lines whereas the small-t 
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intron from the early SV40 transcript did not. But, given the wide range of findings from cell lines 
(Table 1), the only reliable conclusion that could be drawn was that specific introns might work 
better or worse in different cell types. These findings agree with current thoughts of intron 
removal as a function of tissue type (Leff et al., 1986). Certain introns, like those of the P-actin 
genes, appear to be well conserved and spliced in many cell types (Liu et al., 1990a). Introns 
generally are more heterogeneous in sequence than exons and so are a good source of genetic 
polymorphisms in fish (Chow, 1998). As with introns, after initial use of SV40 and other 
transcriptional termination and polyadenylation signals from genes of land animals, fish 
geneticists have turned to using fish genes as sources for these regulatory motifs (Liu et al., 
1990d; Du et al., 1992b; Cavari et al., 1993b). 

b. Methods of Transgene Delivery 

After assembling the components of the transgenic construct, it must be delivered to the nuclei of 
cells in the developing embryo in order for it to be expressed and distributed to all tissues of the 
fish. A screening process for those fish with active transgenes had to be established because not 
all deliveries of the transgene are effective and not all constructs behave in the desired manner. 
Procedures for these two steps were adapted from technologies used in land animals. Here we 
describe those procedures and some of the necessary benchmarks that were required for 
determining whether transgenes were effectively delivered to chromosomes of living fish 
embryos. 

1) Microinjection. 

As noted earlier, the first wave of transgenic fish followed procedures used to make transgenic 
mice. However, methods that are reasonable for mouse eggs are not necessarily ideal for fish 
embryos. Mouse oocytes require a substantial amount of work to orient, inject, and implant in 
utero. In contrast, fish eggs are abundant, large and have pronuclei that are nearly impossible to 
find, surrounded by hard chorions, undergo more rapid early cell-division, and often develop 
outside of their mothers. Nevertheless, because of its reliability, microinjection is the most 
popular form of gene transfer into fish embryos (Tables 2 and 3). Microinjection techniques were 
developed to target delivery of transgenic DNA to the pronuclei of amphibian and mammalian 
embryos. Transgenes integrate into chromosomes in about 25 percent of mouse embryos but less 
often in the genomes of other animals (DePamphilis, 1988). Microinjection is relatively efficient 
with mouse eggs since the cells are small, the pronuclei are visible, and the chorions of the eggs 
are soft and easily penetrated by the microinjection needle. In contrast, fish eggs are about 1000- 
30,000 times larger than mammalian eggs and the pronuclei make up about 0.001 percent of the 1- 
cell embryo compared with about five percent in a mammalian embryo. The pronuclei can be 
visualized when fluorescent dyes are injected into the eggs, but ultraviolet light irradiation is 
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required to locate the exceedingly small pronuclei residing in the vicinity of the very much larger 
yolk (e.g., Yamaha et al., 1988a). As result, pronuclear injections are often impractical, although 
in some species such as medaka this technique can be used. To make matters worse, the rapid 
onset of cleavage and the hardening of chorion following fertilization interfere with visualization 
of the pronuclei as well as penetration by the injection needles. Injection of DNA into oocytes 
has been examined (Inoue et al., 1992b; Zhang et al., 1993) but the technique has gained little 
interest. 

In order to allow more injections per needle, and to support alternative delivery 
mechanisms such as lipofection and electroporation, in some labs the chorion was removed prior 
to gene delivery (e.g., Zhu et al., 1985; Hallerman et al., 1988; Stuart et al., 1988, 1990; Fletcher 
and Davies, 1991; Culp et al., 1991; Muller et al., 1992, 1993). However, the procedure is labor- 
intensive and slow, which reduces the number of embryos that can be injected. Success has been 
mixed. On the whole, embryo survival and transgene integration rates do not appear to be much 
better than those obtained by simple microinjection without chorion removal. In some cases using 
salmon and tilapia eggs, microinjection has been through the micropyle (e.g., Shears et al., 1991; 
Indig and Moav, 1992; Rahman and Maclean, 1992a). For hard chorions, success has been 
achieved by drilling a small hole in the chorion (Rokkones et al. 1985). 

The difficulty of localizing pronuclei led to injection of transgenes into either the 
embryonic cytoplasm or even into the yolks, in the latter case depending on a streaming 
phenomenon to deliver the DNA to the cytoplasm. Working with zebrafish embryos, Williams et 
al. (1996) have noted the high activity of expression of foreign DNA in the yolk syncytial layer, 
which contains giant polyploid cells that appear to regulate embryonic cell movements but are 
not part of the embryo per se. In most of the studies reported in Tables 2 and 3 between 1985 
and 1995, about 10 6 to 10 7 molecules of DNA in an aqueous, buffered volume of 1 to 2 nl 
(Fletcher and Davies, 1991; Hackett, 1993) were injected into embryos or fertilized eggs. This is 
a relatively large volume of solution, about 20 to 100 times the average nuclear volume of fish 
nuclei; but, so much free water appears to have little effect on survival (Hackett, 1993). The large 
1 -cell embryo may accommodate this abnormal influx of aqueous DNA by forming an "artificial 
nucleus" as has been seen mXenopus embryos (Newport, 1987). Indeed, microinjected ethidium 
bromide-stained DNA appears to remain as a distinct aggregate in zebrafish embryos (Westerfield 
et al., 1992). A detailed description for microinjection of zebrafish embryos that yields state-of- 
the-art success can be found in Meng et al. (1999). Thus, in most instances microinjection is used 
to overcome the first barrier shown in Figure 1. The hope was that some of the injected 
transgenic DNA would make its way into chromosomes. 

Direct injection of transgenic DNA into adult fish tissues, generally muscle, is another 
form of injection that will be discussed later in the section on Genetic Vaccines. In this case, the 
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transgenic DNA will make its way into a group of cells in the neighborhood of the site of 
injection where it may be expressed locally. An undefined number of cells will be transformed, 
which may be sufficient to establish immunity. In contrast to the microinjection into very early 
embryonic cells, the transgenes have virtually no chance of being passed on through the germ- 
lines into progeny. Experiments in which DNA was microinjected into muscle tissue are 
designated (MI) in Tables 2 and 3. 

There is an enormous variation in the various reports on success of microinjection. Our 
analysis of the results from the many experiments, which employed a wide variety of genes, 
promoters, and methods of assay, shows the following: 1) In the better studies, embryonic 
survival often decreased less than about 10 to 20 percent when less than about 100 pg (ca. 10 7 
copies of DNA) were injected. 2) About 50 percent of the eggs were able to express the 
transgenic DNA shortly after gene transfer but expression rapidly decreased after a few days. 3) 
Transgenic DNA integrated into the genomes of relatively few fish that developed from 
microinjected embryos, about 1 percent for large fish and up to about 20 percent for zebrafish 
and medaka. 4) All of the transgenic fish were mosaic for the presence and/or expression of the 
transgene, indicating that integration of the injected DNA occurred late in embryonic 
development. Trained investigators can inject fish eggs at rates up to several hundred per hour, 
depending on the species, the logistical support, the accuracy of injection and the level of training 
and experience. Thus, the large numbers of fish embryos that can be injected offsets the low rates 
of transgenesis per fish. However, spawning in commercially important fish is restricted to a 
specific period, and the zygotes begin rapid cell division within a few hours of fertilization. As a 
result of the labor required for microinjection and subsequent screening for those few fish with 
expressible transgenes, four other methods for delivering genes to fish embryos were tried in the 
first wave of transgenesis in fish: electroporation, DNA-binding to sperm, ballistics, and 
lipofection. The results from microinjection are standards against which the other gene-transfer 
techniques are compared in Tables II and III. 
2) Electroporation. 

Electroporation is a standard method for gene transfer to cells in tissue culture (Neumann et al., 
1982; Shigekawa and Dower, 1988). It has been tried in several species of fish (Xie et al., 1989; 
Inoue et al., 1990; Inoue, 1992; Buono and Linzer, 1992; Miiller et al., 1993; Lu et al., 1992; 
Powers et al., 1992b; Zhao et al., 1993; Murakami et al., 1994; Ono et al., 1997; Zhang et al., 
1998). In all of the studies except that by Zhang et al. (1998), the chorions were removed, a time- 
consuming process that defeats the objective of mass transfer of DNA without treatment of each 
embryo. Although embryo survival is lower than with microinjection, transgenic DNA can be 
transferred and expressed in up to 60 percent of the fish that survive larval development. 
Nevertheless, there are problems with procedure. These include wide variations in results, which 
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could be due to the use of electroporation conditions, exponential decay compared with square- 
wave electroporators, the developmental stage of the embryos, and poor assays for DNA 
integration into genomes. The goals of the studies were not always the same, some labs sought 
high rates of survival whereas others wanted high rates of transformation. Another problem that 
may have occurred in some studies was incorporation of proteins and other materials in the 
environment into the eggs (Yamaha et al., 1988b). Looking at the reports as a whole (Tables 2 and 
3), electroporation has not caught on with most labs. 
3) Sperm. 

A more natural method for mass transfer of DNA to embryos was tried in mice. That was to coat 
sperm with transgenic DNA so that the lucky sperm would transfer the exogenous DNA during 
fertilization without any ill effects on the embryo (Lavitrano et al., 1989). Several fish labs tried 
sperm-mediated transgenesis before Brinster et al. (1989) reported their inability to reproduce the 
results. DNA does bind to sperm (Arezzo, 1989; Atkinson et al., 1991; Castro et al., 1991) and 
can be taken up into fish embryos (Khoo et al., 1992; Chourrout and Perrot, 1992; Patil and 
Khoo, 1996), but the genes are either not expressed or only soon silenced. The fate of the DNA- 
bound to sperm is important. There is likely to be considerable free DNA from many sources 
(broken cells, microorganisms, etc.) which could bind to sperm during normal mating. Such 
foreign DNA would be hazardous to the recipient embryo if it had a chance to integrate into the 
embryo's genome. However, Patil and Khoo (1995) have shown using in situ hybridization that 
some of transgenic DNA is internalized into the sperm head, although its state is unknown. In 
any case, normal protection mechanisms against invading DNA sticking to sperm coats is likely 
to keep this form of delivery from being practical. Very recently a new method has been tried, 
intra-cytoplasmic injection of detergent-disrupted sperm and sperm-heads (Perry et al., 1999). 
Up to twenty percent of transgenic mice produced offspring that expressed transgenes. The 
sperm heads were "considered dead due to disrupted membranes" but still supported full 
development. This method still requires microinjection and thus can not be considered a mass 
transfer procedure. 

An attempt to combine the theoretical advantages of two of the above techniques has 
been tried ~ electroporating sperm prior to fertilization (Muller et al., 1992; Sin 1993, 1998; Tsai 
et al., 1995b). The nature of the transgenic DNA following electroporation with fish sperm 
results in greater uptake of transgenic DNA into the sperm heads, but most still remains on the 
exterior surface as evidenced by its susceptibility to DNases (Symonds et al., 1994; Patil and 
Khoo, 1996). Most studies using electroporated sperm have not looked at expression or germ- 
line integration. At this point, the difficulties in the procedure appear to be greater than the 
benefits. To circumvent the problem with protection of the transgenic DNA from natural defense 
mechanisms in the egg, the transgenic DNA could be encapsulated in a viral coat and then bound 
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to sperm; this works with natural viruses such as infectious hematopoietic necrosis virus 
(Mulcahy and Pascho, 1984). 

4) Biolistics. 

When subtle means fail, some resort to force. This is the case with gene transfer into plants 
where there is a tough cell wall surrounding each cell (Klein et al., 1987). Bombardment of cells 
with DNA coated particles, biological ball istics , was tried with fertilized loach, zebrafish and 
rainbow trout eggs, resulting in high mortality and low expression rates (Zelenin et al., 1991). 
However, their assay for success in some experiments was survival of the embryo in a G418 
solution. But, because almost all transgenic founder fish mosaically express transgenes, it is likely 
that some tissues would be susceptible to the G418, leading to death of the embryo (Yoon et al., 
1990). Thus, their assay for success was the most demanding of all so far employed by fish 
geneticists. Ballistic transfer of DNA has also been used in sea urchins (Akasaka et al., 1995) and 
has been applied to direct introduction of DNA into muscle cells of adult fish (Gomez-Chiarri et 
al., 1996a). The latter technique may be useful for genetic immunization against disease-causing 
microorganisms. Besides injury to the cell, a major problem with the ballistic procedure may be 
difficulties of the foreign DNA leaving the delivery particle once in the cell. As an alternative, 
electrospray delivery has been attempted in zebrafish. For this, a fine mist of water containing 
transgenic DNA was electrostatically propelled onto a plate containing hundreds of embryos. 
Expression of the transgenic constructs was never detected, even at voltages that killed the 
embryos (P. Hackett and S. Ekker, unpub.). 

5) Lipofection. 

Nucleic acids encapsulated in synthetic lipid vesicles can be taken up into cells and tissues of 
animals where they can be expressed (e.g., Bandyopadhyay et al., 1998; Kren et al., 1998). In 
fish, several cocktails of DNA and proteins have been mixed and used to deliver transgenic 
constructs to dechorionated zygotes at the 2-16 cell stage (Szelei and Duda, 1989; Szelei et al., 
1994). As with the sperm methods, the DNA could get into the embryos, but it was soon lost 
and its expression was transitory. 

Together, the results of all of the transgenic procedures emphasize an important point, 
that is, delivery of transgenic DNA is only one half of the problem, the second half is to achieve 
rapid integration that leads to stable dispersal of the construct in an expressible state to all cells. 
The second half of the problem requires a biological activity that will overcome the second and 
third barriers shown in Figure 1 by catalyzing the integration of transgenic DNA into 
chromosomes. Methods that attacked this problem were a primary concern in the second wave of 
genetic engineering in fish. 

c. Expression, Integration and Inheritance Assays 
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With microinjection the amounts of DNA delivered to the average embryo can be better 
quantified than with the alternative procedures. In most studies, about 1 to 10 million molecules 
are delivered to each embryo. Yet at best only a very few genomes take up even a single copy of 
DNA, which is an efficiency of incorporation into chromosomes of less than 10" 4 percent. The 
low efficiency is due to protective mechanisms that cells have to keep foreign DNA from 
recombining with genomes. One of these mechanisms in some fish is the rapid onset and blinding 
speed of DNA replication in early development. For instance, the period of DNA replication (S- 
phase) in human cells requires a minimum of at least 5 hours in tissue culture at 37°C and is 
slower during embryonic development. In contrast, the zebrafish genome, whose size is about 60 
percent that of a human, replicates every 15 minutes at 30°C for cleavages 3 through 10. There is 
probably no Gl or G2 phase in these early cell cycles. To accomplish such rates of replication, 
there must be about 100 times as many DNA polymerases per unit length of fish chromatin as 
mammalian chromatin. Transgenic DNA also is replicated (Stuart et al., 1988), indicating that 
DNA replication does not depend on specific DNA sequences (ori sequences) that are required 
for DNA synthesis later on (Hyrien et al., 1995). It is not until after midblastula transition that 
DNA replication slows and transcription of zygotic genomes begins in Xenopus (Newport and 
Kirschner, 1982a, b), zebrafish (Kane and Kimmel, 1993), medaka (Tsai et al., 1995a) and 
seabream (Garcia-Pozo et al., 1998). The onset of transcription appears to mark a time when 
chromatin replication slows, the DNA is not so packed with DNA polymerases and thereby 
becomes available for enzymes that mediate integration. Fighting for access to chromatin never 
stops in nuclei (Prioleau et al., 1994). 

There are two important consequences of so few transgenic DNAs making their way into 
chromosomes. First, the integrating copies of transgenic DNA are diluted more than a million-fold 
with unintegrated DNA of identical sequence, which makes analysis of the integrated DNA 
exceedingly difficult. The unintegrated DNA can recombine, at variable rates that depend on the 
input conformation of the transgenic DNA, to form a variety of concatemers (reviewed in 
Hackett, 1993; Iyengar et al., 1996). Second, virtually all of the truly transgenic F 0 fish were 
mosaic (Westerfield et al., 1992; Hackett, 1993). As a result, selecting transgenic fish is quite 
labor intensive, requiring the raising of all embryos subjected to transgenic DNA until gametes 
can be accurately assayed for the presence of integrated foreign DNA. 

In the early years of fish transgenesis, a variety of assays were used to determine whether 
integration had occurred. These included the following: 1) demonstration of transgenic DNA in 
embryos and adults by dot-blotting or PCR amplification, the assumption being that transgenic 
DNA would be unstable and/or diluted during cell division; 2) expression of the transgene after 
larval development, the assumption being the same as before; 3) Southern blotting to show that 
the size of the transgenic DNA changed as a result of its integration into chromosomes; and 4) 
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detection of transgenic DNA or its expression in F] progeny. None of these assays was 
sufficient. Owing to the enormous amounts of unintegrated DNA, many molecules of which 
recombined in unknown ways, transgenic DNA size is insufficient to demonstrate integration 
when detected by blotting or PCR amplification. Some integrated transgenes were not expressed 
due to their integration into heterochromatin or into regions under the control of silencers of their 
enhancers and, conversely, some constructs can be expressed from unintegrated copies (Hackett 
et al., 1999). Stuart et al. (1988, 1990) showed that unintegrated transgenic DNA was passed as 
episomes into F] progeny. The problems associated with the persistent presence of unintegrated 
transgenic DNA in fish have been reviewed (Hackett, 1993; Iyengar et al., 1996). 

There are three methods that are reliable indicators of integration of transgenes into fish 
chromosomes. The first is chromosome in situ hybridization in which tagged probes are 
hybridized to metaphase spreads of fish chromosomes (e.g., Tewari et al, 1992). The second 
method uses any of several forms of linker-mediated PCR or inverse PCR (e.g., Ivies et al., 1993, 
1997) to determine the sequence of the locus into which the transgenes integrated. The third 
method is less direct, to establish Mendelian segregation of the transgenes in progeny. Even 
better is to show that expression is passed in a Mendelian fashion in progeny. Relatively few 
studies have done this (Tables II and III). Overall, in the early days there were many claims of 
integration of transgenes, but little rigorous proof. 

2. Accomplishments of the First Wave 

a. Basic Science 

At this point, the molecular genetics of transgenesis in fish might look a bit bleak as a 
result of the emphasis on the inefficiencies of gene transfer and expression. However, the results 
of so many studies, especially those listed in Table 3, provided a wealth of scientific information 
and techniques that were used to study the developmental genetics of zebrafish and medaka. 
Initially, transgenesis of commercially important fish looked at two characteristics for 
improvement - growth enhancement and cold tolerance. These areas are evaluated here. 

b. Growth Enhancement 

Three aspects of enhanced growth in fish were examined for economic purposes: 1) 
increased growth leading to earlier maturation, 2) enhanced growth size per adult fish, and 3) 
improved feed efficiency. At first, the transgenic constructs containing human, bovine, or rat 
growth hormone genes linked to either viral or mammalian metallothionein (heavy metal- 
inducible) promoters. Growth enhancements were modest, but acceptable, in the range of 10 to 
above 50 percent in carp, trout, salmon, and northern pike (Agellon et al., 1988; Chen et al., 
1993; Cui et al., 1993; de la Fuente et al., 1995; Gross et al., 1992; Lu et al., 1992; Hernandez et 
al., 1997; Martinez et al, 1996; Zhang et al., 1990; Zhu, 1992;). However, the viral and heavy 
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metal-inducible promoters were unacceptable because of their alien status in fish cells and their 
associations with disease. Generally the results were averaged over populations of fish, without 
regard to parameters that could affect size, including sex, rearing conditions, expression levels of 
the growth hormones, birth orders, etc. For instance, Gross et al. (1992) examined transgenic 
northern pike containing an RSV-bGH construct. They found sex-linked differences in weight 
gains compared with controls. A second potential problem was variations in rearing conditions 
between labs using the same or different transgenic DNAs in different species of fish. In many 
cases fish were raised indoors under artificial conditions that may not have been optimal for 
enhanced fish growth. 

The situation changed dramatically at the end of the first wave. New vectors with 
regulatory elements from fish were employed (Liu et al., 1990d; Du et al., 1992b; Cavari et al., 
1993b). The promoters ranged from those from the ocean pout and winter flounder antifreeze 
protein genes (weak promoters) to the modified carp (3-actin promoter (strong). The first lines of 
transgenic salmon had an opAFP promoter directing the Chinook salmon growth hormone gene, 
which resulted in 100 to 500 percent weight increases in the fish (Du et al., 1992a; Davies et al., 
1989). These results were followed by spectacular growth enhancements of over 1000 percent in 
Pacific salmonids using the same types of constructs (Devlin et al, 1994, 1995a,b). There 
appears to be increased feed efficiency in the growth-enhanced transgenic carp containing human 
growth hormone (Fu et al., 1998). 

The above results marked a successful outcome to the first wave of transgenesis in 
fish - a primary goal had been reached by a couple of labs in a reproducible manner. The 
explanation for these results is not entirely clear. It appears that the strongest promoters may not 
be the best for achieving particular phenotypes. Comparisons of growth enhancement with levels 
of transgenic growth hormone showed an inverse correlation (e.g., Du et al., 1992a; Hernandez et 
al., 1997; de la Fuente et al., 1998). The probable reason for this result is that excess growth 
hormone saturates all of the growth hormone receptors thereby preventing their dimerization and 
subsequent activation of signal transduction (de Vos et al., 1992). The message: if you want to 
fool mother-nature you have to be subtle. The interactions of growth hormones and its relatives 
are quite complex (Rand-Weaver and Kawauchi, 1993; Heyner and Garside, 1994) and 
hypothalmic controls must be bypassed (Lira et al., 1988). One side benefit of the transgenic 
studies will be a greater understanding of the physiology of growth in fish (and presumably other 
vertebrates) as various parameters of body composition are determined in the various transgenic 
lines of fish (Chatakondi et al., 1995; Cui et al., 1996). However, one expectation that there may 
be significant phylogenetic specificity to the activities of growth hormone are not supported by 
the studies of Cui and Zhu (1993). They found that a expression of transgenic human growth 
hormone could compensate for the loss of carp growth hormone in hypophysectomized fish. 
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These data suggest that the earliest trials using heterologous growth hormone genes were 
fundamentally sound; it may have been the strong promoters that limited their successful 
applications to aquaculture. Dunham and Devlin (1999) have reviewed several factors that may 
limit growth enhancement in some fish, including the history of the lines and previous efforts to 
maximize growth within the genetic potential of the fish, 
c. Cold tolerance 

Much of Canada's marine environment is too cold to permit aquaculture of salmon and other fish. 
Here, cold-tolerant fish could be economically beneficial. This was the reason for the isolation of 
the antifreeze protein (AFP) genes (Hew et al., 1988), whose protein products are able to protect 
fish to about -1.8°C (Davies and Fletcher, 1988; Wu et al., 1998). AFP genes from winter 
flounder (wf), ocean pout (op), and sea raven (sr) were isolated and their promoters were 
successfully employed in the growth hormone constructs discussed earlier. The first studies were 
conducted on the promoters linked to reporter genes (Table II) to determine their strengths and 
responsiveness to cold conditions (Gong et al, 1991; Du et al., 1992a). Thereafter, Atlantic 
salmon with transgenic AFP genes were produced that expressed wfAFP constructs (Fletcher et 
al., 1988, 1992; Shears et al., 1991; Hew et al., 1992), but not to a sufficient level to provide 
measurably increased survival in cold water. However, in some F 2 lines there was seasonal 
variation in the expression of the AFP genes (Poon et al., 1999). In contrast to salmon, goldfish 
harboring the wfAFP construct did show significant resistance to cold such that 67 and 33 
percent could survive 6 and 12 hours at 0°C respectively compared to 20 and 0 percent of the 
control fish for the same conditions. Thus, the problem appears close to resolution. The results 
do raise an interesting question - why do the ocean pout and winter flounder genomes have so 
many (around 50) AFP genes with very weak promoters rather than one or a few genes with 
more powerful promoters. The answer to this question may help explain cold resistance as well 
as provide important insight into the mechanisms nature employs for physiological defenses 
against environmental antagonists. 
3. Lessons Learned from the First Wave 

The results from the first wave indicated that transgenic fish could be made on a relatively 
large scale, which surpasses that of all other vertebrates together in terms of variety of species 
and applications. Several major goals, which involved the introduction of single genes under 
relatively simple enhancer/promoter elements, were achieved. However, it became clear that the 
rates of making true transgenic F 0 fish were lower than initial claims. Moreover, the F 0 fish 
almost always had mosaic germ-lines from which F] and later generations of fish could be 
obtained according to Mendelian laws of inheritance. It also became clear that reliable and 
continued expression of genes could not be assumed, as shown in Tables II and III. As noted 
earlier, identical constructs could be expressed levels that varied 100- to 10,000-fold (e.g., 
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Winkler, 1991, 1992; Sekkali et al., 1994; Alam et al., 1996). In some cases, transgenes expressed 
in F 0 and F, fish failed to express in later generations (Caldovic and Hackett, 1995, 1999). A 
major goal during the second wave of fish transgenesis was to develop procedures that would 
direct early genomic integration of exogenous DNA at the one-cell stage. A second goal was to 
find methods for getting the genes to express reliably once they were integrated into 
chromosomes. 

C. Fish Genetic Engineering: The Second Wave 

Integration of transgenic DNA into a chromosome, after surmounting the three barriers 
shown in Figure 1, is not sufficient to guarantee expression of a transgene. Some regions 
(euchromatin) of chromosomes contain genes whose expression is much higher than in other 
regions (heterochromatin) where the DNA is rarely if ever transcribed. The determinants of active 
and inactive domains are not known, but if foreign DNA integrates into heterochromatin, it will 
not be expressed. This is called "position effect" (Geyer, 1997) and it implies that a DNA 
sequence that integrates into a site in a chromosome is subject to regulation by elements that 
normally control gene expression in that region (Dobie et al., 1997). In contrast, when large 
chromosomal fragments are transferred to rainbow trout (Disney et al., 1988), the genes remain 
active because their normal chromosomal context is maintained. Furthermore, DNA inserted into 
a chromosomal site may be active for awhile, but later repressed permanently as a result of 
methylation. In fish, silencing of transgenes in Ft and subsequent generations has been noted 
many times (Hackett, 1993; Caldovic et al., 1999). Thus, in addition to overcoming the three 
barriers to integration of transgenic DNA at higher rates, reducing position effects and preventing 
silencing were major goals of the second wave of fish transgenesis. 

1. New methods for DNA transfer into chromosomes 

Three methods are under development to improve the efficiencies for gene delivery into fish 
chromosomes. They are the use of nuclear-localizing proteins to help import DNA into nuclei, 
viruses to assist in overcoming all three barriers, and mobile DNA elements to increase the 
efficiencies of nuclear uptake and integration of transgenic DNA. 
a. Nuclear-localization Peptides 

Many viruses use proteins that contain nuclear-localizing sequences (NLSs) mediate the transfer 
of their genomes into nuclei for transcription. Accordingly, Collas and Alestrom attempted to use 
a highly basic stretch of amino acids, PKKKRKV, from the large-T antigen protein of primate 
virus SV40 as a means of facilitating delivery of transgenic constructs into zebrafish nuclei. They 
were quite successful. At a ratio of about 1000 molecules of the NLS peptide per DNA construct 
(a luciferase reporter gene behind a CMV promoter), they were able to achieve peak transfer of 
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the DNA into nuclei of injected embryos. The uptake into chromosomes of NLS-peptide-coated 
DNA was about 100-fold higher than that of naked DNA (Collas and Alestrom, 1997a,b; Collas 
et al., 1997). Expression of luciferase was equally enhanced such that injection of only 10 4 NLS- 
peptide-coated DNAs produced enzyme activities that were equal to those from injections of 10 6 
naked DNA molecules (Collas et al., 1996). The stability of luciferase expression following 
passage through the germ line has not yet been reported. This strategy overcame the nuclear 
membrane barrier, but the real barrier still remained, that was efficient integration into recipient 
genomes. 

b. Retroviral Transduction 

Viruses have developed methods for circumventing the three barriers of the cellular and nuclear 
membranes and chromosomal integrity. However, most viruses are very picky about the cells 
they infect; they have species and tissue-type specificity that reside in glycoproteins on their 
viral coats or membranes. There are only a few known fish retroviruses that even have the 
potential to be used as vectors for gene delivery (Martineau et al., 1992; Holzschu et al., 1995; 
Hart et al., 1996). However, by replacing the normal species/tissue-specific env protein gene of 
the murine leukemia retrovirus with the G-glycoprotein gene of the vesicular stomatitis virus, a 
pseudotyped retrovirus has been produced that is able to infect any cell whose membrane is 
available (Burns et al. } 1993). The retrovirus is capable of penetrating the cell membrane and it 
encodes an integrase protein that will catalyze the integration into the genome of the DNA copy 
of the retroviral genome (provirus). However, the pseudotyped virus cannot infect fish embryos 
through their chorions so it must be injected. In zebrafish about 10-20xl0 4 viral particles were 
injected into blastula-stage embryos (512-2000 cells), leading to several insertions into zebrafish 
genomes (Lin et al., 1994a). As a result of the injection during blastula stage, all of the embryos 
obtained were highly mosaic with from 5 to 22 proviral insertions transmitted to Fj fish. For 
screening of mutations that affect growth and development, this is a useful strategy because it 
allows a number of mutations to be screened simultaneously per fish (Gaiano et al., 1996a,b). 
Accordingly, this method has been used for insertional mutagenesis and identification of several 
genes (Allende et al., 1996). 

A major drawback of using pseudotype-retroviruses as vectors for gene delivery is that 
the high-titer retroviruses that are required for this procedure do not express transgenes; they 
have only been effective as insertional mutagens for tagging genes. Moreover, there are questions 
about efficacy and safety in using retroviruses as vectors in substances that can contact humans 
(e.g., Smith et al., 1996). These types of viruses are especially tricky because they can infect any 
cell, including those of the human conducting the experiments. 
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Because the retroviruses require manual delivery into the embryo by microinjection, an 
alternative procedure is to just employ the most important ingredient of the retrovirus, its 
integrase. In this procedure, the transgenic constructs were flanked with DNA sequences that 
could be recognized by a retroviral integrase. Integrase (or its mRNA that is translated upon 
entry into the embryonic cells) was added to the transgenic DNA and the mixture injected into 1- 
cell embryos (Ivies et al., 1993). This procedure increased levels of expression of transgenes from 
10- to 40-fold. However, as the experiments were being conducted, it became clear that most 
retroviral integrase proteins require host factors that limit their activities in alien cell types. 
Integrase activity also could have been limited because of a need for "activation" of the chromatin 
by some endonuclease. Nevertheless, the work provided the first insight that recombinases could 
be employed to enhance integration of transgenic DNA into fish chromatin, 
c. Transposon-mediated Transgenesis 

Retroviral-mediated integration also has the potential of suffering from some public perception 
that use of cancer or leukemia causing viruses for gene delivery might be dangerous to consumers. 
Accordingly, a search was undertaken to find alternative recombinases that might not have the 
problems associated with retroviral integrases. Obvious candidate enzymes were the 
transposases that were known to be responsible for the widespread distribution of repetitive 
DNA-type transposable elements in fish and other animal genomes (Izsvak et al., 1997; Ivies et 
al., 1999). The class of Tcl/Wr/wer-type transposable elements was closely examined because 
they appeared to be ubiquitous in animal genomes, suggesting that they require few, if any, 
species-specific host factors. Moreover, these DNA elements move in a simple, cut-and-paste, 
manner in which a precise DNA segment is excised from one DNA molecule and moved to 
another site in the same or different DNA (Plasterk, 1993). The excised DNA is flanked by 
inverted terminal repeats to which the appropriate transposase molecule binds. Both the Tel 
transposon from the nematode Caenorhabditis elegans (Vos et al., 1996) and the mariner 
transposon Mos from Drosophila (Lampe et al, 1996) can transpose cell-free systems in the 
presence of their respective transposase enzymes made in E. coli. This meant that transposons 
carrying a gene-of-interest could be mobilized by transposase provided in trans. In contrast to 
other DNA transposons (e.g., P-elements) that have requirements for specific host cofactors, 
which limits their usefulness for transgenesis in fish (Gibbs et al., 1994a; Izsvak and Ivies, 
unpublished), the Tel /mariner-type transposons appeared to be suitable for many genetic 
applications. However, despite its reported need for just transposase without other cofactors, 
Ivies and Izsvak were unsuccessful in using the nematode Tel element for gene transfer in fish 
(unpublished). This induced a search for Tcl/Wr/rcer-type transposons in vertebrate organisms, 
especially fish. 
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Fortunately, at about this time, the Emmons lab reported evidence of transposable elements 
belonging to the Tcl/mariner family in salmonids and zebrafish (Radice et al., 1994). However, 
all of the elements were defective, with gaps, stop codons, and frame-shift mutations in the 
putative transposase coding sequences. The report led Izsvak et al. (1995) to search for, and find, 
Tcl/mariner elements in a dozen species of fish. Alas, all of the sequences isolated had many 
mutations and gaps in their transposase genes that inactivated the transposons (Izsvak et al., 
1995; Ivies et al., 1996). Nevertheless, the majority of the DNA-type transposable elements in 
fish could be classified into two major subfamilies, zebrafish- and salmonid-type elements. The 
two are characteristically different in their encoded transposases and their flanking sequences 
even though they are clearly derived from a common ancestor that existed millions of years ago 
(Ivies etal., 1996). 

The failure to find an active transposase gene in the search of so many fish elements was 
frustrating at the time. However the searches yielded a sufficiently large number of sequences so 
that a theoretical sequence could be derived from phylogenetic principles. Accordingly, a 
salmonid sequence that had about 96 percent identity to the consensus salmonid sequence was 
used as a starting point for a series of site-specific mutagenesis steps that culminated in the 
synthesis of the Sleeping Beauty (SB) transposon system (Ivies et al., 1997). The SB transposon 
system was shown to be able to enhance integration from 20 to 40-fold in mammalian cells (Ivies 
et al., 1997) and about 20-fold in zebrafish embryos (Izsvak et al., 1997). The activity of the SB 
system in zebrafish appears to be about an order of magnitude higher than that from two 
heterologous transposon systems, Tc3 from the nematode C. elegans (Raz et al., 1998) and 
mariner from insects (Fadool et al., 1998). An apparently active mobile element has been found 
in an albino medaka after it mutated a pigment gene (Inagaki et al., 1994; Koga and Hori, 1997). 
The responsible element, the Tol2 transposon, encodes a transposase with excision activity but 
has yet to be tested for full autonomous transposition (Kawakami et al., 1998). Because a single 
nuclear localizing protein such as a transposase (Ivies et al., 1996) is sufficient to drag a DNA 
molecule into a nucleus (Zanta et al., 1999), the SB system offers a means of penetrating the 
nuclear membrane barrier as well as the chromosomal barrier to transgenesis. The SB system, and 
possibly the other transposons, should prove very useful for gene delivery and gene discovery in 
fish (Weinberg, 1998; Hackett et al., 1999). 

Parallel with the development of the SB transposon, efforts were underway to investigate 
the abilities of internal ribosome entry sequences (IRESs) from mammalian picornaviruses 
(Jackson and Kaminski, 1995) to mediate internal initiation on cellular messages in fish. The IRES 
from the encephalomyocarditis virus (EMCV) of mice proved to be quite active in zebrafish 
embryos (Koster et al., 1996; Fahrenkrug et al., 1999). The IRES can be used for two purposes, 
tracking the effects of unknown gene products and finding new genes. In the first case, dicistronic 
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(also called bicistronic) vectors are made in which a gene-of-interest, which might have an 
unknown effect in a cell or tissue, is followed by an IRES and coupled reporter gene. The IRES 
directs expression of the reporter gene product everywhere that the first gene is expressed. In this 
way local phenotypic effects can be correlated with expression of a specific gene. In the second 
case, a DNA construct is made with a reporter gene behind an IRES but lacking either enhancers 
(called an enhancer-trap) or enhancers and a promoter (called a gene-trap) (von Melcher et al., 
1990). As a result, the reporter gene can only be expressed when the enhancer-trap integrates in 
the vicinity of some cellular enhancer or the gene-trap integrates inside a transcriptional unit. In 
both cases the reporter genes are expressed under the control of natural regulators inside the 
genome. The traps also function as tags to allow easy isolation of the neighboring sequences 
(genes and promoters). IRES-containing gene-trap vectors have been effectively used in mice 
(Evans et al., 1997). In preliminary experiments using the SB transposon system to facilitate 
integration, the EMCV IRES plus a GFP gene acts as a powerful gene-trap in zebrafish to allow 
non-invasive, in situ detection of gene activity during early development (Clark, Hackett et al., 
unpub.). 

The transposon system offers several subtle benefits as well as those already discussed. 
First, nonhomologous recombination of transgenic DNA often occurs as concatemers (Iyengar et 
al., 1996; Caldovic et al., 1999) which has been associated with silencing (Dorer, 1997; Garrick et 
al., 1998; Henikoff, 1998). Transposition inserts only single transposons at a time, even when 
the source might be several linked transposons. Thus, single copies of transposons should occur 
at a given transgenic locus. Moreover, as noted earlier, the two components of any transposon 
system are an active transposase and the DNA transposon that is mobilized. This binary 
requirement renders the SB system relatively safe when the source of transposase is a short-lived 
mRNA or protein rather than a gene. At this stage the SB system is in its infancy and will need 
more tweaking to find the optimal conditions for transgenesis. 
2. New Elements for Genetic Constructs 

Transcriptional regulatory elements can act over long distances in chromatin, up to nearly 
100,000 base pairs. This raises important questions - what limits the range of enhancer activity 
or what keeps an enhancer from regulating a variety of genes. Because neighboring genes are 
individually regulated, there must be some type of border that insulates genes from one another. 
Active genes and their regulatory regions are often hypersensitive to DNases and extended into 
loops of decondensed chromatin. Limited digestion of chromatin with nucleases and extraction of 
histones has revealed a protein scaffold to which loops of DNA appear to be anchored. The sites 
on the genomic DNA that bind to proteins of the nuclear scaffold are called matrix attachment 
regions (MARs) and they may serve to define or establish independent domains of gene 
expression (Geyer, 1997; Pikaart et al., 1998). These sequences are called border elements, 



24 



specialized chromatin sequences (scs, Kellum and Schedl, 1991; Krebs and Dunaway, 1998), and 
attachment elements (A-elements, Bonifer et al., 1991, 1996). A-element sequences have been 
shown to have nuclear matrix-binding activity (Bonifer et al., 1991) and bestow position- 
independent expression of transgenes transgenic mice (Phi-Van et al., 1990; McKnight et al, 
1992). That is, border elements can overcome or protect against position effects to allow proper 
regulated expression of a transgene if its integration site is in euchromatin. 

Border elements appear to protect certain stretches of DNA from being transcriptionally 
silenced. Methylation appears to be involved although the general role of DNA methylation is 
still not clear. Methylation entered eukaryotic genomes at the evolutionary boundary between 
invertebrates and vertebrates (Tweedie et al., 1997). In fish, methylation patterns can vary 
depending on genotype (Martin and McGowan, 1995) and are important for proper embryonic 
development (Martin et al., 1999). Methylation may be a defense against the invasion of 
chromosomal DNA by foreign genes (Doefler, 1992) and/or transposable elements (Yoder et al., 
1997). Up to 60 percent of vertebrate genomes, including those of fish (Izsvak et al., 1997; Ivies 
et al., 1999), may be derived from mobile repetitive sequences. Prohibiting methylation leads to 
transcription of some genes, including those interrupted by repetitive mobile elements (Bestor, 
1998; Martienssen, 1998; O'Neill et al., 1998). However, Bird (1997) and Simmen et al. (1999) 
find no evidence that methylation has been adapted for regulation of repetitive elements and the 
genes in which they reside. The bottom line is that even though the nature and etiology of 
methylation are not understood, prokaryotic sequences should be removed from transgenic 
constructs. 

Accordingly, insulator sequences from flies (scs sequences) and chickens (A-elements) 
were tested to determine whether they would function in zebrafish and confer not only position- 
independent expression, but also maintain expression levels after passage progeny. In these 
studies, cat genes driven by the carp |3-actin promoter were tested in zebrafish for the uniformity 
of expression (Caldovic and Hackett, 1995). Although the efficiency of producing transgenic fish 
was low, about 2.4 percent, cat genes lacking either of the border elements gave non-uniform 
expression whereas either of the two border elements conferred position-independent expression 
that was maintained through three generations of fish. Moreover, within a factor of two in 
zebrafish, the expression per gene per cell at one, two and five days of development was constant 
for transgenes flanked with either scs/scs'- or A-elements (Caldovic et al., 1999). The uniformity 
of expression was all the more intriguing because concatemers of constructs inserted at a single 
site without apparent inactivation. Curiously, frequently what looked to be a single Mendelian 
locus of many transgenes turns out to be a number of tandem constructs interspersed with 
genomic DNA (Pawlowski and Somers, 1998; Alestrom, personal communication). This data 
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suggests that the border elements can confer reliable levels of expression of a transgene in fish and 
protect the transgenes from being switched off as they are passed from generation to generation. 
3. Fish Genetics and Bioinformatics 

Transgenesis requires genes and information about how the genes are regulated and positioned. 
With haploid fish genomes varying from 2-5x1 0 9 base pairs containing 100,000 or more genes, the 
information that needs to be obtained and organized for easy retrieval is essential. Accordingly, 
efforts were made to find mutants in every gene necessary for proper development of a 
vertebrate. This was done using chemical mutagenesis of zebrafish genomes in two laboratories 
(for summaries of the results, see Driever et al., 1996; Haffter et al, 1996; Eisen, 1996). A second 
goal was to establish genetic maps in fish on which the above loci could be placed. These maps 
not only place specific genes, but also non-coding sequences that can be used as landmarks for 
mapping efforts (Nelson et al, 1989; Ziekiewicz et al., 1992) as well as phylogenetic 
relationships between species of fish (Izsvak et al., 1996, 1997, 1999). 

The chemical mutagenesis screens provided insights into the numbers and effects of many 
genes required for the proper development of zebrafish. As an example, the screens indicated that 
there are close to 100 genes that regulate cardiovascular development and activity (Stanier et al., 
1996; Weinstein et al., 1996; Chen et al., 1996). The activities of the encoded proteins can be 
dissected so that specific genes can be linked to specific physiological activities and correlated to 
defects related to human cardiac diseases (Fishman and Olson, 1997; Warren and Fishman, 1998). 
Dissection of other developmental pathways in fish began in the second wave. Mining the wealth 
of data from these screens will take several years and extend into the third wave of transgenesis in 
fish. 

Zebrafish developmental genetics bloomed and looked as though it would meet the 
expectations of its founder, George Streisinger, who recognized its incredible value for examining 
the genetics vertebrate development (Streisinger et al., 1981). The most dramatic progress was in 
zebrafish where a comprehensive molecular genetic infrastructure was established. It began with 
construction of the zebrafish genome map (Postlethwait et al., 1994; 1999). The biology and 
molecular genetics of zebrafish have been reviewed in two volumes (Detrich et al., 1999a,b) and 
an updates are available from a, easily accessible multi-linked Internet web site 
(http://zfish.uoregon.edu/ZFIN/). Zebrafish-related biological and molecular reagents can be 
ordered through this site. The Institute for Genome Research (TIGR) maintains an organized 
zebrafish gene index (http://www.tigr.org/tdb/zgi/zgi.html). 

Genome maps in another model fish, medaka, followed (Wada et al., 1995). Likewise, 
genetic maps of the genomes of several salmonid species are underway in the European 
Community. 
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The rate of acquisition of molecular genetics information about fish is increasing at a 
gedmetric rate. In 1995 and 1997 Gong et al. published the first surveys of 265 and 1084 
expressed sequence tags (ESTs) for zebrafish. By the end of 1998 the number had increased 
about 10-fold to more than 10,000 zebrafish ESTs, all immediately accessible through the 
Internet (GenBank, 1998). The roles of many genes will be elucidated by various mutation 
strategies outlined above as well as two powerful techniques for rapidly marking the temporal 
and spatial expression patterns of genes. The first method will be to employ GFP containing 
gene-traps such as those made with the SB transposon system. This method will allow the 
identification of many unknown genes that are involved with the development of specific tissues. 
The second approach also involves using GFP for the same purposes, except here the GFP 
sequence is juxtaposed to a gene-of-interest. The periods and cellular/tissue patterns of 
expression can be monitored in situ by illuminating the developing fish with blue light (Peters et 
al., 1995). For instance, in zebrafish this method has been used to demonstrate the locations on 
cellular membranes of a putative connexin gene product (Essner et al., 1996). 
4. Genetic vaccines 

Diseases transmitted by microorganisms are becoming an ever greater problem in aquaculture and 
mariculture (Parfit, 1995). Genetic vaccination (Tang et al., 1992) has been proposed as a 
solution to these problems (Fjalestad et al., 1993; Mialhe et al., 1995; Ulmer et al., 1996). There 
are three ways in which immunity to disease-causing organisms has been induced in fish and they 
have been mostly concentrated on viruses. These are 1) irnmunization with a protein to establish 
an antigenic response, 2) direct immunization by muscle injection of a recombinant DNA that 
expresses an immunogenic protein, and 3) genetic transformation of fish genomes with a 
transgenic construct that expresses a viral protein. 

The first fish vaccine from biotechnology was made against the VP2 capsid protein of the 
infectious pancreatic necrosis (IPN) viruses which represents the most serious problem in 
salmonid farming in Norway virus The VP2 protein was expressed and purified from E. coli 
(Christie, 1997; Lillehaug, 1997). The rhabdovirus of the Infectious Hematopoietic Necrosis 
Virus (IHNV), causes extensive mortality in northwest Pacific trout and salmon hatcheries (Wolf, 
1988). The glycoprotein (G) and nucleoprotein (N) genes of IHNV were cloned and expressed in 
a baculovirus vector (Koerner and Leong, 1990) to provide the protein, which was used for 
passive inoculation to stimulate antibody production against the antigen and thereby achieve 
immunity (Engelking and Leong, 1989a,b). This procedure required dunking each fish individually 
in a tank containing the virus-free proteins. Clearly, genetic methods of irnmunization, as 
developed for model and domesticated animals (Raz et al., 1994; Robinson et al., 1997; Whalen, 
1998), would require less labor if they were efficient in their delivery of pathogen resistance. 
These consist on direct injection of transgenic DNA into muscle tissue to induce immunity. DNA 
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vaccines can be produced in high quantities in a pure state for very low cost. Such vaccines are 
stable and therefore easy to store and ship. Directly injected transgenic DNA has been expressed 
in carp, tilapia, and Xiphophorus (Hansen et al., 1991; Rahman et al., 1992b; Anderson et al., 
1996a,b; Gomez-Chiarri et al., 1996a; Tan and Chang, 1997; Schulte et al., 1998), suggesting that 
this method of somatic DNA transfer can be useful for vaccination. 

The potential of DNA vaccines have been tested in experimental conditions and have 
protected rainbow trout against bacterial kidney disease (Gomez-Chiarri et al., 1996b) and viral 
hemorragic septicemia (Heppell et al., 1998). These vaccines are not yet approved for veterinary 
use in aquaculture. The potential of RNA-based vaccines is also alternatively tested, either as 
naked molecules encoding the VP2 gene as protective against the (IPN), or packaged in suicide 
virus particles or empty capsids for easy delivery (Vaughan et al., 1998). 

Muscle injection may be straightforward, but it does not provide the advantage of 
germline passage of immunity as would be the introduction of the recombinant DNA during early 
embryogenesis. Having shown the potential of the IHNV viral proteins to elicit immunity, the 
next step was to use germ-line transgenesis to immunize fish and their offspring, which 
apparently worked (Leong et al., 1997). When a CMV/G-protein gene construct, with or without 
a CMV/N-protein gene expression construct, was injected into rainbow trout embryos, survival 
rates of transgenic fish challenged at a later time to IHNV were nearly three times higher than 
controls (Anderson et al., 1996a). 

Diagnosis of fish pathogens (Austin, 1998) and detection of protective antigens should 
parallel the development of new methods for genetic immunization. In the long run, genetic 
immunization may be far more valuable to the aquaculture industry than any other productive 
trait. Environmentally and socially this type of genetic engineering in fish may be more 
acceptable than conferring new phenotypes related to enhanced-growth. 

5. Accomplishments during the Second Wave 

The major accomplishments of transgenics in fish in the second wave were primarily in 
model fish systems. The success in making growth-enhanced commercial fish in the first wave 
was tainted by difficulties in distributing them, in part due to concerns over possible escapees 
into the environment. The development of genetically immunized, disease-resistant fish may be 
an exception when they come on line. Political and environmental concerns do not apply to 
model fish systems, which provided new sets of genetic tools for application to aquaculture and 
mariculture. 

D. Fish Genetic Engineering: The Third Wave 
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Few of the genes that are involved in growth and development have been identified 
although the zebrafish screens discussed earlier indicate that there are many. In fish, as with all 
other animals of commercial value, the interactions of the myriad of cellular proteins in 
differentiated cells is poorly understood. This is because most of the traits that are important for 
improvement of commercial fish are polygenic. The result is that genetic engineers currently 
cannot achieve the types of modifications that are obtainable from breeding programs. To 
overcome this problem, many more genes in piscine genomes must be identified and characterized 
with respect to their temporal and spatial patterns of expression. This information is necessary 
to link genes with specific traits and physiological conditions. Moreover, the consequences in 
specific tissues of over-expression and under-expression of physiologically important genes must 
be understood. 

In order to obtain this type of information, a variety of genetic procedures that have been 
employed in other organisms, primarily prokaryotes and simple eukaryotes, must be developed 
for fish. These include methods for insertional mutagenesis, such as gene-tagging, gene 
inactivation, and yet more efficient procedures for producing transgenic animals. Some trends that 
we see developing are discussed below. 
1. Genomics 

Precision genetic engineering in fish will be a major goal in the third wave. By this we mean that 
the effects of the transgenes will be more localized and specific than those such as the growth 
hormones. There are two types of genomic studies; those that look to identify and map genes 
(what we will call classical genomics) and the effects of alteration of gene expression in order to 
gain some understanding of the function and importance of a given gene (what we will call 
physiological genomics), 
a. Classical Genomics 

The goals and techniques of classical genomics were described earlier in the section on Genetics 
and Bioinformatics. As an example of what we expect from genomics in the future, we look at 
two trends that relate to one of the foremost goals of genetic engineering in fish — improved 
growth rates accompanied by increased feed conversion rates. 

Recent evidence suggests that precision transgenics may be more feasible in fish than in 
other animals because some fish genomes have apparently undergone partial or complete 
tetraploidization (Postlethwait et al., 1999; Wittbrodt et al., 1998). A major consequence appears 
to be that a gene in mammals that has two or more functions may have these functions split 
between genes. A good example is exemplified by a gene that may be useful in aquaculture, c-ski. 
C-ski is the cellular homologue of the oncogene v-ski that was isolated from an avian leukosis 
virus (Stavnezer et al., 1986). Chick embryo cells and quail embryo cells transfected with c-ski 
undergo transformation to myoblasts and differentiate into myotubes (Namciu et al, 1995). 
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Transgenic mice with a truncated form of chicken c-ski show selective skeletal muscle 
hypertrophy, making them look like supermice with extraordinary musculature (Sutrave et al., 
1990). However, the c-Ski protein is a transcriptional factor (Nomura et al., 1999) that is highly 
expressed in the central nervous system (Lyons et al., 1994); knockout mutants in mice die 
because the neural tube fails to close during development (Berk et al., 1997). Thus, in mammals, 
c-ski has a wider role than just in muscle development. In zebrafish the c-ski is duplicated and it 
appears that the c-skiA and c-skiB genes may have more precise roles in muscle compared with 
central nervous system development (Kaufman et al. 1999). If this turns out to be the case, then 
it may be possible to induce selective growth in fish tissues by adding only one of the c-ski genes 
to fish chromosomes. Fish with greater musculature might be attractive for aquaculture where the 
fish could gain extra value. The bottom line is that identification of genes in fish may hold greater 
promise for genetic engineers than similar endeavors in farm animals. And, as an additional bonus, 
the same studies may provide developmental insights that are not available using mammalian and 
avian species. 

Growth factors with greater specificity are one approach to engineering fish with greater 
commercial value. An alternative approach is to attack the problem from the other end, to 
deregulate limitations on growth of muscle tissue. Although size differences between animals are 
so very obvious, little is known about why this is (reviewed in McKnight, 1997; Conlon and 
Raff, 1999). However, deregulation of muscle growth can be achieved by mutation in land animals 
(e.g., Grobet et al., 1998) and the gene has been identified - myostatin (McPherron and Lee, 
1997; McPherron et al., 1997). Thus, interruption of this gene may produce the same 
phenotypes as transgenesis with additional growth hormone-like genes. This raises the question 
of how the flow of genetic information can be disrupted selectively in fish. 

The third wave will see functional genomics extend from model fish to fish of commercial 
importance. The saturation screens accomplished in zebrafish would be prohibitively expensive 
and too time consuming if applied to large fish. The linkages of genes are often conserved over 
short stretches, termed synteny, so that maps from one organism can help in the placement of 
genes in another. Moreover, several alternative genetic procedures, already used for mapping 
genomes of domesticated land animals, are being employed in aquaculture. These strategies are 
designed to identify genetic loci containing several genes, which increase the value of the 
animal/fish. Because the genetic resolution of these procedures is lower than mapping genes one 
by one, identifying such loci is faster and cheaper than precision mapping. The process is called 
marker-assisted selection (MAS). As an example, in the United States, catfish account for more 
than 50 percent of all aquacultural production. Accordingly, major efforts were initiated to 
develop maps of the catfish genome for MAS in the breeding of catfish. Essentially, various traits 
can be linked to chromosomal markers, also known as economic trait loci (ETL). These markers 
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often are not genes themselves, but rather simple sequence repeats (microsatellites, see O'Connell 
and Wrist, 1997), random amplified polymorphic DNA fragments (RAPDs), or amplified 
fragment length polymorphism fragments (AFLPs). The linkage information allows application 
of MAS and eventual cloning of the genes responsible for the performance traits. The correlation 
of chromosomal sites with phenotypic characteristics (e.g., ETL) is called quantitative trait locus 
(QTL) mapping. As the density of the marker sequences in a genome grows, the specificity of 
mapping genes increases, which is necessary for marker-assisted selection in breeding. Large 
numbers of RAPD (Liu et al. 1998a) and AFLP (Liu et al., 1998b, 1999) markers continue to be 
developed to establish better genetic and QTL maps in catfish as a foundation for MAS (Liu and 
Dunham, 1998). The same work will be applied to commercial fish important to the European 
Community and Asiatic countries, 
b. Physiological Genomics 

Finding the identities and map positions of genes is becoming easier to do. As noted earlier, 
entries into the genetic databases are increasing at geometric rates and is likely to do so for several 
years. Every year these procedures become easier, faster, and cheaper. Yet, for all of the 
information that is gathered, geneticists and fish breeders have little information as to what the 
genes actually do. For this, mutational analysis is important. However, coupling the effects of 
mutations with specific genes, a field known as functional genomics or physiological genomics, is 
difficult in vertebrates because of their enormous genomes. Gene-traps and enhancer-traps, 
described earlier in the section on transposons, offer one powerful method to rapidly identify 
mutations that cause specific phenotypic changes in fish. The vectors and methods for using 
them are being developed for the third wave. 
2. Genetic Inactivation and Site-specific Mutation 

There are two ways of interrupting the flow of genetic information in cells. The first is to 
mutate selectively a gene. The second is to interrupt either processing or translation of its 
mRNA. We will look at methods for doing this in reverse order, 
a. Inactivation of Expression 

In addition to bringing in new genes whose expression confers new traits, transgenic 
constructs may be designed to create loss-of-function mutants. The most direct way is to 
transcribe the complementary strand of the gene-of-interest, i.e. transcribe the gene in the 
opposite orientation, to make an antisense transcript that could inhibit normal expression (Izant 
and Weintraub, 1985). This procedure does not always work and the causes of failure are not 
clear. Some problems may be the distribution of the target mRNA into a different cellular 
compartment than its antisense sequence, differential stabilities of the mRNA and antisense 
complement, and RNA folding of either the antisense or mRNA molecule so as to block effective 
hybridization. In fact, there are several mechanisms through which anti-sense RNA may exert its 
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effects (Baserga and Denhardt, 1992). Nevertheless, the procedure is so easily understood that 
has been commonly used in the beginning. 

Surprisingly, there are few reports of antisense use in fish, which may be an indication 
that it is not very effective in these animals. In zebrafish antisense RNA has been used to 
investigate the roles of two proteins (connexin 10 and the forkhead gene product) during 
development (Barabino et al., 1997; and Roth et al., 1999). One potential problem is that 
antisense RNAs are naturally made, and some of them have the potential of encoding proteins. 
This is the case with the Na/phosphate co-transporter gene in winter flounder fish where both 
sense and antisense transcripts can be found (Huelseweh et al., 1998). 

A similar strategy is the use of catalytic RNA, also known as ribozymes (Haseloff and 
Gerlach, 1988). The method employs the ability of certain conformations of RNA to bind to 
other RNA sequences and, via a transesterification reaction, cleave the target RNA. The minimal 
catalytic sequence is under 50 nucleotides and quite active (McCall et al., 1992). The result is an 
RNA that can seek out and cut specific mRNAs at a specific site and thereby achieve the same 
effect as antisense RNA. The catalytic RNAs, called ribozymes, act as enzymes and thus can 
attack a much larger number of mRNA targets so that a large excess of the ribozyme may not be 
required as is the case with antisense RNA. Ribozyme-knockout of gene expression has been 
attempted in zebrafish, where it was able to reduce, but not eliminate, expression of the no tail 
(nil or brachyury) gene (Xie et al., 1997). The disadvantage of catalytic RNA is the complexity in 
designing the killer transcript — the folded structure of the target mRNA should be known to 
ensure binding of the ribozyme. 

Recently a most intriguing method has been successfully employed to silence gene 
expression in animals, double-stranded interfering RNA (dsRNAi). The injection of dsRNAi into 
nematodes (Fire et al., 1998) or Drosophila (Kennerdell and Carthew, 1998) completely abolishes 
synthesis of the gene product. dsRNAi must contain some portion of the final mRNA sequences 
to be functional but intronic sequences have no effect in the dsRNAi. The mechanism by which 
dsRNAi operates is unknown, but it is suspected that cells employ such activity normally 
(Montgomery and Fire, 1998). 

The advantage of these strategies is that they are fairly easy to use in terms of their 
construction and delivery to single cells of very small animals. The disadvantage is that they may 
not completely abrogate gene expression in every cell and the effects certainly cannot be passed 
to progeny. For that, modification of the genome is necessary. This may explain the paucity of 
reports using any of these methods for interrupting the flow of genetic information in fish, 
b. Site-specific mutagenesis 

Gene-targeting to inactivate genes, by selecting for very low rates of homologous 
recombination in embryonic stem (ES) cells (Mansour et al., 1988; Capecchi, 1989) has been a 
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boon to functional genomics in mice. Heretofore the procedure has been relatively inefficient and 
used only on embryonic stem (ES) cells in culture which are then injected into the developing 
animal (e.g., Thomas et al., 1992). ES cell technology has only been successfully realized in mice, 
although there are attempts to develop the technology in fish (discussed in the following section). 
In the meantime, two other techniques are being examined that may prove to be more versatile in 
fish. These techniques are based on the activities of DNA-repair enzymes. 

DNA molecules in animal cells are examined for mismatched base pairs. When problems 
are found repairs are made by enzymes that apparently can use RNA in a homologous 
recombination-based repair process (Kotani and Kmiec, 1994a, b). This led to the testing of 
covalently coupled DNA-RNA chimeric molecules that can selectively insert single base-pair 
changes at defined loci in chromosomal DNA (Alexeev and Yoon, 1998; Kren et al., 1998). 
Moreover, the constructs can be targeted to specific cells such as those in liver (Kren et al., 1997) 
using appropriate DNA-condensing agents and liposomal mixtures (Bandyopadhyay et al., 
1998). A related procedure makes direct use of E. coli RecA-coated single-stranded DNA 
molecules which seek out their complements in genomic DNA and direct homologous 
recombination (Sena and Zarling, 1993; Pati et al., 1997). This procedure has the potential of 
introducing changes larger than a single base-pair, the current limitation on the chimeric RNA- 
DNA hybrid molecules. These procedures have yet to be tried in fish. However, based on the 
success of microinjection in fish, delivery of transgenic DNA fragments that can seek out specific 
sites for homologous recombination should be possible to achieve at high efficiency. 
3. ES-cell technology 

As noted earlier, genetic engineering of fish by introducing transgenes directly into oocytes or 
early embryos is extremely labor intensive and inefficient. The screening process involving whole 
animals is expensive and timing consuming. Two methods have been developed to circumvent 
these difficulties, Embryonic Stem (ES) cell technology and nuclear transfer. Both fall under the 
general term somatic cell transfer because the transgenic DNA is delivered with an entire genome 
rather than on a single gene basis. Nevertheless, both methodologies are to enhance transgenesis 
and the amplification of certain genotypes. It should be noted that these methods were developed 
for land vertebrates where embryos are scarce and must be implanted following transgenesis into 
recipient mothers for gestation. Transgenesis in fish does not suffer these disadvantages. In this 
section we briefly review ES cell technology and nuclear transfer technology in the following 
section. 

ES cell technology was developed to improve the efficiency of making site-specific 
mutations in animal genomes. ES cells derive from cultured cells and are able to keep their 
totipotency to differentiate into virtually any cell-type when transplanted into an embryo. For 
transgenesis, the important point is that ES cells can populate the recipient's germ line. The ES 
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cell system permits pre-selection of defined mutations before introduction into animals. Thus, it 
can be used to remove all unwanted genetic background events that normally accompany 
mutagenesis. The resulting animals with defined mutations can be examined for phenotypic 
effects that may be of particular interest in aquaculture. ES cell technology also can be used to 
study genes involved in early development. Unfortunately, ES-cell technology has been fully 
developed only in mice; no reproducible germline chimeras have so far been reported in any other 
animal. Nevertheless, fish are especially attractive for developing ES cell technology because of 
the use to which it can be put in commercial species and the experimental advantages of working 
with fish embryos to answer basic questions about development. 

There have been many attempts to derive ES-cells by culturing cells from blastocyst of 
zebrafish and medaka (Collodi et al., 1992; Wakamatsu et al. 1994; Sun et al. 1995a). The results 
of this early work defined some necessary parameters for obtaining and growing cells. However, 
in all cases only short-term cultures were achieved (Sun et al., 1995b). This changed with the 
long-term embryonic cell culture of medaka cells in an apparently undifferentiated state without 
feeder layer cells (Hong and Schartl, 1996a). The same conditions have been adopted for 
developing ES cells from the marine species seabream {Spams aurata) (Bejar et al, 1998). The 
success in obtaining long-term putative ES cells in medaka and seabream suggests that the 
conditions might carry over to other fish species, although it is thought that successful derivation 
of ES cells may depend in part on the genetic background (Simpson et al., 1997; Alvarez et al., 
unpub.). 

A useful way to evaluate and predict the quality of the putative ES cells in terms of their 
capacity to contribute in formation of chimeras is to perform a set of in vitro tests, which in mice 
are effective for pre-selecting ES cell strains. In fish two cells lines have been isolated with ES cell 
potential First is the MES1 line from medaka, which has been maintained for more than 140 
passages, over more than two years, and has been extensively characterized in vitro (Hong et al., 
1996a,b). The second is the SaBEl cell culture from seabream, which has been cultured over four 
years and more than 40 passages (Bejar et al., 1999). Both of lines show the typical morphology 
of mice ES cells: small size, sparse cytoplasm and large nuclei, normal and stable karyotypes, 
high alkaline phosphatase activity and the ability to form compact colonies. Moreover, all 
descendants from single colonies of MES1 cells were able to produce ES-like cells as well as 
differentiate to the same type as the parental line (Hong et al., 1996 b). A stable karyotype is 
important; there are indications that chromosome changes are responsible for the loss of 
totipotency in some cultures (Longo et al., 1997). Important features of ES-cells are that they can 
be cryopreserved, transfected, and retain homologous recombination activity. MES1 cells have all 
three properties and SaBEl cells have at least the first two (Hong et al., 1998 and Bejar et al., 
1999). 
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The ultimate test for putative ES cells is to produce chimeric fish composed of cells from 
the original embryo and the ES-donor cells. Direct injection of blastomeres into recipient embryos 
has produced germ-line cells containing genomes from both sources in rainbow trout (Nilsson and 
Cloud, 1992), zebrafish (Lin et al., 1992) and medaka (Wakamatsu et al., 1993). However, when 
cultured embryonic cells have been used for chimera formation the results have been mixed. 
Zebrafish chimeras did not survive (Speksnijder et al., 1997). In medaka, donor cells contributed 
to numerous organs derived from all three embryonic layers, the first evidence of somatic 
chimeras (Hong et al., 1998). The chimeras have been grown to adulthood and undergone sexual 
maturation. The lower production rate of chimeras obtained with ES-like cultures when compared 
with that obtained with blastomeres may partly be due to differences between donor and 
recipients in their morphological and physiological traits such as cell size, transcriptional activity 
and cell cycle duration (Hong et al., 1998). Genetic compatibility between donor and host strains 
appears to be very important. 

In the third wave of fish transgenesis more research is required to extend ES-cell 
technology. This will involve the following: 

a) Testing different genetic strains for their adaptive abilities to culture conditions while 
maintaining their totipotency. Because of the apparent need for genetic compatibility between 
donor and recipient, many different strains of fish will have to be tested. This task is less difficult 
in model species (although chimeric zebrafish have yet to be raised) than for commercial species. 
Mapping genomes and developing genetic markers in commercial fish, as already described for 
catfish, are essential but will take considerable time and effort. 

b) Development of methods to overcome physiological differences (e.g., transcriptional 
activity, cell cycle length, etc.) between donor ES cells and those of the recipient blastula-stage 
embryos. 

c) Alternatively, isolation of sufficient totipotent cells from blastocysts in order to 
produce germ line chimeras when permanent lines can not be established. 

4. Nuclear Transfer technology 

The world may have been shocked when it woke up one morning to hear that a mammal had been 
cloned. The nucleus of a cell, which had been isolated from one strain of sheep and tissue- 
cultured in vitro, provided the genetic instructions for development of a living animal in an 
enucleated oocyte of another sheep (Campbell et al, 1996). The ultimate test of the method was 
the demonstration that the cloned sheep could grow to adulthood and reproduce in the natural 
way (Wilmut et al., 1997). Thus, the era of animal cloning had arrived. Or so the popular press 
thought. Actually, the technique of transferring a nucleus from one cell to another began more 
than 100 years ago (Rauber, 1886 - who noted "painful responses" by the recipient cell to the 
transferred nucleus) and more systematically a half-century later with the first transfer of fish 
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nuclei (Tung et al., 1945). The ability of transferred nuclei to direct successful development in 
fish was achieved about twenty years later (Tung et al., 1965). In contrast, successful nuclear 
transfer in mammals took almost 20 more years to achieve than in fish (McGrath and Solter, 
1983), and the ability to achieve complete development following nuclear transfer (cloning) took 
another 1 3 years, culminating in the results of Wilmut and Campbell. The experiments in fish, 
amphibians, and mammals demonstrated that the developmental potential of nuclei becomes 
restricted as embryogenesis progresses (Gurdon 1986). The key to achieving the final goal of 
complete cloning of an animal was an appreciation that the cell division cycles of the donated 
nucleus and the recipient oocyte had to be coordinated so that the nuclear programming matched 
the cell cycles of the developing embryo. Here we review the progress on "fish cloning". 

In fish, oocytes arrested at meiotic metaphase II are usually used as host cytoplasts. 
Once the chorion is mechanically removed, the oocytes are activated via contact with water or by 
fertilization and the eggs go through meiosis II, when the second polar body is microscopically 
visible. At this time the nucleus, which is located just beneath the polar body, can be removed 
(along with the polar body) by microsurgury using a fine glass needle. This is the most difficult 
step because inevitably some cytoplasm, which may be essential for early development, may 
adhere to or come along with the nucleus. Consequently, it is desirable to use noninvasive 
enucleation methods such as irradiation with ultraviolet (UV) light, or irradiation with gamma or 
X-rays. These methods have been successfully used in land animals, but not as yet in fish. 

Donor nuclei are usually prepared from blastula-stage embryos. Single blastomeres, which 
have been dissociated from these embryos, are swollen in a hypotonic buffer and aspirated into a 
glass needle, which causes them to burst and and liberate their nuclei. A single nucleus can then be 
introduced into an enucleated egg at or near the position of the original nucleus. Such "re- 
nucleated" eggs then are incubated in a balanced salt solution until hatching (Hong et al., 1996c). 

For transgenesis, blastomeres are not ideal donors of nuclei because selecting for specific 
changes is not practical. Consequently, there have been attempts to use nuclei from cultured cells 
(personal communications from Y. Hong and J. Bejar). Chen et al. (1986) have been able to 
transfer nuclei of cultured cells into enucleated oocytes of goldfish to obtain a couple of adult 
fish. The fish were sterile, probably due to aneuploidy in the transferred nuclei. Another source 
of donor nuclei may be primordial germ cells (PGCs) from more advanced embryos, which at 
least in mice maintain the ability to promote development following nuclear transfer (Tsunoda et 
al. 1989). However, little is known about PGCs in fish. Once donor nuclei are immersed in new 
cytoplasms, they undergo a series of morphological and physiological changes known as nuclear 
reprogramming or remodeling. The more synchronized the cells cycles in the nuclei and 
cytoplasms, the more successful the union of the cellular compartments will be. However, one 
problem with using cultured fish cells as nuclear donors is that their cell divisions are slower than 
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those of early embryos. This problem of non-synchrony between alien nuclei and recipient 
cytoplasms might be overcome in fish by using serial nuclear transfer experiments or using less 
mature oocytes to allow the nuclei more time to adapt to the oocyte schedule. 

Reprogramming of fish oocytes has largely been done in China to study nucleo- 
cytoplasmic interactions as well as to test the limitations of nuclear transfer for genetic 
improvement in aquaculture (Yan, 1998). Efforts have included attempting intra-species, intra- 
genera, intra-order, and even mammal-fish matches in fish oocytes (Yan, 1989; Yan et al, 1990, 
1991; Zhang et al., 1990). Matched nuclei and oocytes from the same species and genera 
produced a few fertile adults; but no animals could develop beyond the fry stage with more mixed 
matches. An excellent compilation of the extensive nuclear transfer experiments have performed 
in various cyprinid fishes has been reviewed in Schartl et al., (1998). 

The big question is whether perfecting these procedures of moving genomes, and other 
techniques such as transfer of an artificial chromosome (Harrington et al., 1997), will turn out to 
be necessary in fish. Somatic genome transfer by ES cell technology has been most useful for 
analyzing the effects of selectively inactivating one or both alleles of a gene and nuclear 
transplantation is most useful for amplifying particular transgenic genotypes that are practically 
impossible to obtain by "routine" genetic engineering. This applies to land vertebrates but it may 
not apply to fish, where these techniques still have not been brought on-line. In fish, these 
strategies may prove to be more arduous than making changes, in many embryos using the 
transgenic procedures discussed earlier, and selecting for those that are desirable. When gene 
knock-outs (inactivation of a gene) or gene "knock-ins" (when a gene is selectively placed into a 
certain chromosomal locus) are desired, other recombination-based techniques under development 
may be easier and have higher yields. That is what will make the third wave of genetic engineering 
in fish so exciting, there are many possibilities waiting to be developed and exploited. 

E. Public Policy Issues Concerning Genetic Engineering in Fish 

The goals of making transgenic fish seemed impeccable - to feed the world. However, 
soon after the first wave of fish transgenesis was underway, questions were raised about the 
environmental consequences of transgenic animals that might escape their confines (e.g., 
Bruggemann, 1993). This concern was enhanced in the case of fish, animals that schooled in large 
numbers, could not be easily tracked and had access to every part of the globe via waterways and 
oceans (Kapuscinski and Hallerman, 1990, 1991; Devlin et al., 1992). Many of the concerns were 
based on infamous invasions of aggressive alien species of plants and animals brought by humans 
into naive ecosystems. 

The debates of whether "designer" fish should be allowed out of enclosed laboratories 
resolved into two issues. First, are transgenic species in which a single gene is altered equivalent 
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to an alien species? A related question is never asked. What degree of difference in a single gene 
qualifies an animal as being an alien rather than just a mutant? This is a critical question because 
virtually every vertebrate animal differs from all others in terms of mutated genes. It would seem 
that human-mediated genetic engineering defines a mutation as alien even though the equivalent 
genetic change occurring naturally would be considered an example of natural diversity, something 
which is appreciated and desirable. Another aspect of the issue has been the claim that humans 
can move genes between species, genera, families, etc. whereas natural movement of genes is more 
limited. However, recent investigations have shown that there have been, and probably continue 
to be, natural massive exchanges between phylogenetically very distant organisms (e.g., Doolittle, 
1997; Jain et al., 1999). This appears so in fish as well (Izsvak et al., 1995, 1997). Thus, nature 
has done, and continues to do, what genetic engineers try to do; it is the time-scale and the 
selection processes that differ. 

The second issue is how to determine the level of danger that escapee transgenic fish 
pose. The assumption was that until transgenic fish were proved to be safe, there should be some 
type of regulation on their dispersal (Hallerman, and Kapuscinski, 1992). However, one lone 
voice has noted that from a population genetics view, there appears to be very little inherent 
danger in engineered fish (Knibb, 1996). This is based on many findings that when organisms are 
unbalanced in some trait, their fitness decreases compared with that of normal, wild type 
individuals. Most genetically engineered fish have extreme phenotypes that require more care 
than wild populations. That means that the transferred gene would most likely act in the same 
way as a deleterious allele, which would likely be eliminated by natural selection (Knibb, 1996). 
One phenomenon has been noticed, but has not been scientifically evaluated, that of increased 
mortality of some growth-enhanced fish (salmon, Hew, per. comm.; our observations with 
northern pike and trout), suggesting that unbalanced levels of growth hormone may reduce fitness 
in transgenic fish. If so this would have significance in terms of fears of accidental escape of 
genetically engineered superfish. 

A general principle of some ecological schools seems to adhere the statement that "this is 
the best of all possible worlds." (Voltaire, 1759). Thus, the introduction of a human-made 
genotype into nature might result in a change, which by this principle would be bad. The dilemma 
of many governmental regulatory agencies, which face this problem, is how to test the danger of 
engineered fish without either releasing them or conducting an endless number of highly 
controlled experiments that would have little real-world significance. Nevertheless, safety 
evaluations are proceeding with the first report of the behavior of growth-enhanced tilapia, which 
have a lower feeding motivation and dominance status compared with wild type fish (Guillen et 
al., 1999). Many developed countries put moratoria on the distribution of genetically engineered 
fish despite the lack of any evidence that they threaten the environment. The situation has been 
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aggravated by the developments in the areas of somatic gene transfer, nuclear transfer and cloning 
of animals. These advances in cellular engineering have induced discussions everywhere about the 
ethics of cloning and its consequences (e.g., Mench, 1999). Almost all of these discussions, like 
those regarding release of genetically modified animals, revolve around philosophical, religious, 
and political ideas for which science does not have answers. Since nearly all of the research done 
by genetic engineers is accomplished with tax revenues, governments listen. To their credit, most 
scientific agencies in most countries have taken the long view and continued to support the 
research that has taken us to this point. 

F. Summary: Genetic Engineering in Fish in the 21st Century 

Development of new molecular genetic techniques for genetic engineering of fish will 
permit the following: 1) Efficient and targeted insertion of genetic material into fish 
chromosomes. 2) Identification, isolation, and characterization of genes, and their regulatory 
elements, that are involved in production-related traits. 3) Use of molecular markers for 
quantitative trait loci (QTL) analysis that will assist fish geneticists in the breeding of new 
strains. 4) Site-specific gene inactivation for obtaining stocks with specific inactivated genes, 
which could be useful for producing sterile transgenic fish; broodstock with inactivated genes 
could be mated to produce sterile offspring for either biological containment or for maximizing 
growth rates in aquacultured fish. The challenge remains ~ to produce more fish at lower 
environmental and economic costs to feed the world. 
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TABLE 1 



Enhancer/Promoter Strengths in Cultured Fish Cell Lines 



Enhancer/ Relative 
Proinoleri J V H Line* Activity3 Reference^ 



VIRAL 






RSV 


EPC,A2,RTPit, goldfish lOOFriedenrich (90), Liu (90d), Sharps(92), Sato i 




ZEM 1 ZEM2 


Betancourt (93), Sekkali (94) 


CMV 


EPC, ZEM2 


2000 Sharps (92) 




EPC 


300-800 Sekkali (94) 




EPC 


80-100Betancourt (93), Bearzotti (92) 




ZEM1 


100 Sharps (92) 




CHSE 


100 Betancourt (93) 


TK 


EPC, ZEM2 


1000 Sharps (92) 




ZEM1 


25 Sharps (92) 




EPC.A2 


lOOFriedenrich (90) 


CMV/tk 


EPC 


100 Friedenrich (90) 




A2 


400 Friedenrich (90) 


SV40 


goldfish 


5 Sato (92) 




EPC 


<10 Bearzotti (92) 




EPC 


10-20 Friedenrich (90), Betancourt (93) 




EPC, ZEM 1 


100 Liu (90d) Sharps (92) 




EPC, ZEM2 


2000 Sharps (92) 




CHSE 


300 Betancourt (93) 


Py/tk 


EPC 


100 Friedenrich (90) 




A2 


10 Friedenrich (90) 


CONSTITUTIVE 






EPC 


500 Liu (90d) 


xp-actin 


EPC 


30 Bearzotti (92) 




EPC, RTH149.RTG 


0.5-500 Moav (92a) 


INDUCIBLE 




hHS 


EPC 


15/50 (u/i) Liu(90d) 




goldfish 


15 (u) Sato (92) 


X47 


EPC 


5/6 (u/i) Friedenrich (90) 




A2 


40/50 (u/i) Friedenrich (90), Winkler (92) 




RTH 


2/3 (u/i) Winkler (92) 


hMT 


EPC,A2,RTH 


30/150(u/i) Friedenrich (90), Hong (93) 




goldfish 


25 (u) Sato (92) 


hMT/tk 


EPC 


10/120 (u/i) Friedenrich (90) 




A2 


10/100 (u/i) Friedenrich (90) 


rtMT 


EPC,A2,RTH 


1/120 (u/i) Hong (93), Cavari (93b) 




RTG-2 


1/170 (u/i) Zafarullah (90) 




RTL-4 


1/10 (u/i) Inoue(92a) 


MP 


RTH,CHSE,CHH 


15 (u) Du(92b) 


PrlRTPit 




80 (u) Xiong (92) 
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TABLE 1: Enhancer/promoters are broken into three groups, those from viruses of non-piscine 
origin, those from genes that are constitutively expressed, and those from genes whose 
expression can be induced. The references include just the first author; et al. has been omitted for 
space. 

1) Abbreviations Enhancers/Promoters were from the following viruses or genes (in some cases 
there are hybrid regulatory elements consisting of an enhancer from one source and the promoter 
from another, e.g., CMV-tk): RSV, Rous sarcoma virus long terminal repeat (LTR) which is 
taken as an arbitrary standard at 100 units of relative activity; CMV, cytomegalovirus ; TK(tk), 
herpes simplex virus thymidine kinase; SV40, simian virus 40 enhancer-early promoter; Py, 
polyoma virus enhancer-early promoter; MMTV, mouse mammary tumor virus LTR, X47, 
Xiphophorus xiphidiutr : c (x) (3-actin, carp (Xenopus) j3-actin; h (d) HS, human (Drosophila) 
heat-shocl -70 h (m, xt) MT, human (mouse, rainbow trout) metallothionein tMTh trout 
metall6f2^te¥!wf) AFP, ocean pout (winter floun^iirtifreeze protein; Prl, prolactin 
promoter, xEFla, Xenopus translational elongation factor la, c (r^-cardiac) MyHC, carp (rabbit 
P-cardiac) myosin heavy chain; zfa (medf3)-actm, zebrafish a (medaka (3) actin; GATA-1, 
blood-specific promoter; MoMLV LTR, Moloney murine leukemia virus long terminal repeat; 
ca-globm, about 1 kb of 5' flanking sequence to the carp a globin. These abbreviations are used 

2) Cell lines: A2, X. xiphidium embryonal epitheloid cells; EPC, carp epithelial cells; RTH, 
rainbow trout hepatoma; CHSE, chum salmon embryonic cells; CHH, chum salmon heart cells. 
RTPit, rainbow trout pituitary primary cells; ZEM 1 and ZEM2, zebrafish embryonic cell lines. 
Other cell lines have also been tested, but on a less routine basis and so are not included in this 
listing. 

3) The RSV promoter is standardized at 100 units of relative activity. For inducible promoters 
either the uninduced/induced ratios (u/i) or just uninduced levels (u) are given. Note, promoters 
for metallothionein genes in fish can be activated by the nucleotide analogue 5-azacytidine as 
well as by toxic metals (Price-Haughey et al., 1987). 



75 



TABLE 2 

Marker Gene Constructs for Transgenic Fish 



Fish Expression 1 



Promoter 


Species 


Fo 


Fl 


References 


mMT-l 


salmon 


+ 


nd 


McEvoy (88) 


CMV 


zebrafish 




+ 


nd Westerfield (92), Sekkali (94) 


CMV 


zebrafish (E) 


+ 


nd 


Muller (93) 


CMV 


carp (E) 


+ 


nd 


Midler (93) 


CMV, CMV-tk 


medaka 


+ 


nd 


Winkler (94) 


CMV-tk 


seabream 


+ 


nd 


Cavari (93 a) 


CMV-tk 


tilapia (B-MI) 


+ 


nd 


Gomez-Chiarri (96a) 


CMV-chp-actin 


medaka 


+ 


nd 


Tsai (95 a) 


RSV-LTR 


zebrafish 




+ 


+ Culp(91),Nam(98a) 


RSV-LTR 


zebrafish 




+ 


nd Lin (94a) 


RSV-LTR 


zebrafish (SE) 


+ 


nd 


Muller (92) 


RSV-LTR 


carp (SE) 




nd 


Muller (92) 


RSV-LTR 


medaka 


+ 


nd 


Winkler (94) 


RSV-LTR 






nd 


Inoue (92) 


RSV-LTR 






+ 


Ueno (94) 


RSV-LTR 


African catfish (E) + 


nd 


Muller (92, 93) 


RSV-LTR 


salmon (SE) 




nd 


Sin (93) 


RSV-LTR 


loach (B) 


+ 


nd 


Zelenin (91) 


RSV-LTR 


loach 




+ 


Nam (98a) 


RSV-LTR 


zebrafish, trout (B) nd 


nd 


Zelenin (91) 


RSV-chp-actin 


medaka 


+ 


nd 


Tsai (95a) 


MoMLV-LTR 


medaka 


+ 


nd 


Winkler (94), Tsai (95a) 


cp-actin 


zebrafish 






nd Muller (97) 


cp-actin 


medaka 




+ 


Takagi (94) 


cp-actin 


tilapia 




+ 


Alam (95) 


hHS 


zebrafish 




+ 


Bayer (92) 


SV40 


carp (MI) 




nd 


Hansen (91) 


SV40-tk 


zebrafish (MI) 


+ 


nd 


Tan (97) 


SV40,hMT,X47 


medaka 




nd 


Winkler (94) 


ependymin 


zebrafish 




+ 


nd Rinder (92) 


mHoxl.l 


zebrafish 




+ 


nd Westerfield (92) 


hHOX3.3 


zebrafish 




+ 


nd Westerfield (92) 


xEF-la 


zebrafish 




+ 


+ Lin (94b) 


rGAP-43 


zebrafish 




+ 


nd Reinhard (94) 


cMyHC 


zebrafish 




+ 


nd Muller (97) 


rp-cardiacMyHC carp (MI) 


+ 


nd 


Hansen (91) 


CMV 


zebrafish 




+ 


nd Liu (90d), Caidovic (95) 


CMV 


zebrafish 






nd Ivies (93), Sekkali (94) 


CMV 


trout 






Tewari (92) 


CMV 


trout (S) 




nd 


Chourrout (92) 


CMV 


seabream 


+ 


nd 


Garcfa-Pozo (98) 


CMV 


zebrafish (MI) 


+ 


nd 


Tan (97) 


RSV-LTR 


zebrafish 




+ 


nd Stuart (88), Liu (90d), 


RSV-LTR 


zebrafish (S) 


+ 


nd 


Khoo (92) 


RSV-LTR 


zebrafish (E) 


+ 


nd 


Buono (92) 


RSV-LTR 


medaka 


+ 


nd 


Chong (89), Winkler (91,92), Tsai (95b) 


RSV-LTR 


goldfish 


+ 


nd 


Hallerman (90) 
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RSV-LTR 


walleye 


+ 


nd 


Moav (92b) 


RSV-LTR 


N. pike 


+ 


+ 


Moav (92b), J. Schneider (unpub) 


MoMLV-LTR 


medaka 


+ 


nd 


Tsai (95a) 


SV40 


zebrafish 




+ 


+ Stuart (88) 


SV40 


zebrafish 




+ 


nd Liu (90d), Ivies (93), Izsvak (97) 


SV40 


medaka 


+ 


nd 


Winkler (91, 92) 


SV40 


tilapia 


+ 


nd 


Indig (92) 


SV40 


carp (MI) 


+ 


nd 


Hansen (91) 


c[l act in 


zebrafish 






t Liu(90d) Moa\ (92b,^3) Caldovic (95,99) 


cf$-actin 


■ goldfish 


-f 


nd . 


U-kv, 93) 


cp-actin 


til'apia 




lid 


Rahman (92a), Maclean (92) 


cp-actin 


tilapia (Mb 




"■ 'fitT:: _ 


Ralmia 2bi 


i p-actin 


carp 




nd 


Moav (92a) 


cp-actin 


walleye 




'. 4- 


Mo n (92b) 


cp-actin 


N. pike 




+ 


Moa . i'Cb> 


,p,KHM 


trout 




nd 


lycnea, ,9<, 


cp-a, tin 


leach 






Nam ONh. 


chp actm 








Tsai ,95a) 


rtMT-A 


Med iLa + 


Iiii. r 


Kinoshita (94, 96) In-a ; (92 • 


mMT-1 


medaka 


+ 


nd,+ 


Inoue (92a) 


CH-MT-1 


medaka 


+ 


+ 


Takagi (94) 


dHS 


zebrafish 




+ 


nd Liu (90d) 


AFP- ; 


medaka 






Gong (91),Du (92b) 


rp-cardiacMyHC carp (MI) 




nd 


Hansen (91) 


cMyHC 


carp (MI) 


+ 


nd 


Gauvry (96) 




zebrafish 




+ 


nd Gibbs (94a), Sekkali (94), Collas ( 1 996) 


CMV 


zebrafish (E) 


+ 


nd 


Miiller (93) 


CMV 


zebrafish (MI) 


+ 


nd 


Tan (97) 


CMV 


medaka 


+ 


nd 


Sato (92) 


CMV 


medaka (E) 


+ 


nd 


Murakami (94) 


CMV 


African catfish 




nd 


Volckaert (94) 


CMV 


African catfish (E) + 


nd 


Miiller (93) 


CMV 


trout (MI) 




nd 


Anderson (96b) 


CMV-tk 


tilapia (MI) 




nd 


Gomez-Chiarri (96a) 


CMV-tk 


Xiphophorus (MI) + 


nd 


Schulte (98) 


RSV-LTR 


zebrafish 




+ 


nd Alestrom (92), Gibbs (94b) 


RSV-LTR 


medaka 


+ 


nd 


Tamiya (90), Alestrom (92), Gibbs (94b) 


SV40 


zebrafish 






nd Gibbs (94a) 


CH-MT-1 


medaka 


+ 


nd 


Sato (92) 


CH-MT-1 


zebrafish 


+ 




Patil (94) 


CH-MT-1 


zebrafish (SE) 


+ 




Patil (96) 


xEF-la 


zebrafish 




+ 


+ Amsterdam (95, 96), Raz (98), Mohn 


) 

zfa-actin 


zebrafish 






+ + Higashijima (97) 


cp-actin 


zebrafish 




+ 


+ Mohn (unpub.) 


GATA-1 


zebrafish 






+ + Long (97) 


GATA-2 


zebrafish 






+ nd Meng (97) 


CMV 


seabream 


+ 


nd 


Garcfa-Pozo (98) 


medp-actin 


medaka 




nd 


Hamada(98) 


CMV 


zebrafish 






nd Fahrenkrug (99) 


RSV-LTR 


goldfish 


+ 


nd 


Yoon (90), Guise (92) 


RSV-LTR 


N. pike 


+ 


nd 


Guise (92) 
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MoMLV-LTR zebrafish + nd Ivies (93) 

TK carp(E) nd nd Muller(92) 

SV40 zebrafish (B) + nd Zelenin (91) 

hyg SV40 zebrafish nd + Stuart (88) 

TABLE II: Abbreviations are the same as in Tables I. Reporter genes transferred: lacZ, - 
galactosidase; cat, chloramphenicol-acetyltransferase; luc, luciferase; neo, neomycin 
phosphotransferase II; hyg, hygromycin resistance - all from E. coli; and gfp, green fluorescent 
protein from the jellyfish Aequorea victoria (Chalfie et al., 1994) or derivatives with enhanced 
fluorescence (e.g., GM2, Cormack et al., 1996). All genetic constructs were delivered by 
microinjection unless otherwise noted in the species column: (E), electorporation; (S), sperm- 
mediated; (SE) sperm electroporated with transgenic DNA prior to fertilization, (MI), direct 
injection into muscle , and (B), high-velocity projectile bombardment. ^Expression: +, 
expression in terms of either mRNA synthesis, protein synthesis, or enzymatic activity detected; 
-, no expression detected; nd, expression assay not reported. 
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Table 3 



Gene 



Transgenic Constructs Introduced into Fish 
Fish Expression 



Promoter 


Species 


Fo 


Fl 


References 


""mt 1 


f°ach 1Sh 




"h 


Zhu (85) 












mMTl 


loach (L) 




nd 


Me (89) ' BenyUm ° V ^ 89 ^ 


mMT-1 


catfish 




nd 


Dunham (87) 


mMT-1 


tilapia 




nd 


Brem (88) 




trout 


7 






mMT 1 


salmon 




nd 


Rokkones (89) 


mMT-1 


carp 


+ 


nd 


Hernandez (91), Wu (94) 










Zhu (92), Cui (93, 96) 


mMT-1 


medaka (E) 


* 


nd 


Lu (92) 


win 


trout 






Chourrout (86) 




tro " t 


+ 


"d 


Guyomard (89) 


r, 

TK, chp-actm 


medaka (E) 


+ 


+ 


Lu (92) 




salmon 






McEvoy (88) 


RSV-LTR 






nd 


Moav (92b) 


RSV-LTR 


N. pike 


+ 


nd/+ 


Moav (92b), Gross (92) 


CMV-tk 


seabream 


+ 


nd 


Cavari (93a) 


mMT-1 


salmon 




nd 


McEvoy (87) 


mMT-1 


tilapia 




nd 


Rahman (92a) 


mMT-1 

CMCI.K 


trout 
tilapia 




WBHRl 


Penman (90, 91), Maclean (92) 

HHHHI 


RSV-LTR 


carp 


+ 




Zhang (90) 


RSV-LTR 


carp 


+ 


+ 


Chen (92, 93) 


RSV-LTR 


carp, catfish (E) 


nd 


nd 


Powers (92b) 


RSV-LTR 


zebrafish (E) 


nd 


nd 


Powers (92b) 


RSV-LTR 


catfish 


+ 


nd 


Dunham (92) 


RmMT 


medaka (E) 


+ 


nd 


Inoue (92) 



D'O c 'l<) IX lin-(94 b 95i b) 
ihman(98a,b), J 




tiGH cDNA 
sbGH cDNA 



RSV 
CMV 



tilapia 



dela Fuente (1995, 1998), Hernandez (97) 
Martinez (96), Hernandez (97) 
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wfAFP 


wfAFP 


salmon 




nd 


Fletcher (88) 




■At AFP 


salmon 


+ 


hd 


Sheai , (91), Hew (92) 




wfAFP 


salmon 






Fletcher (92), Hew (97) 




wfAFP 


goldfish 




+ 


Wang (95) 




RSV 


tilapia 


+ 


+ 


Hernandez (97) 


mg-Tyrs-J 


mg-Tyrs-J 


medaka 


+ 


+ 


Matsumoto (92) 




mg-Tyrs-J 


medaka (E) 


+ 


+ 


Ono (97) 


mTyrs 


mTyrs 


medaka 


+ 


+ 


Hyodo-Taguchi (97) 


ch5-crystalin 


ch8-crystalin 


medaka 


+ 


nd 


Ozato (86), Inoue (89) 


Xmark 


CMV-tk 


medaka 


+ 


nd 


Winkler (94) 


IHNV-Gprotein 


CMV-tk trout 


+ 


nd 


Anderson (96) 


coIGF 


esMT-i 




nd 


m ; 


Sin (98) 


ca-globin 


ca-globin 


.trout 


+ 






GLO 


SV40 


medaka 




+ 


Toyohara (96) 



TABLE 3: Abbreviations are the same as in Tables 1 and 2. The following gent s have been 
transferee! into fish embryos h (b,r,rt,cs,ti,sb) GH, hum, us (bovine rat, rainbow trout, chinook 
salmon, tiiapkt. seabream) growth hormone; wfAFP. winter flounder antifreeze protein; mTyrs, 
mouse tyrosinase; ch5-crystalin hicken 6 crystalin IHNV-( * protein infe nous hematopoietic 
necrosis virus G-protein; coIGF, coho salmon insulin-like growth factor, ca-globin, uiip a- 
globin; GLO L-gulono-y-lactone oxidase. 
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CENTER FOR VETERINARY MEDICINE 
PROGRAM POLICY AND PROCEDURES MANUAL 



GUIDE 1240.4260 



SUPPLEMENTAL POLICIES 



CLASSIFICATION OF AQUACULTURE SPECIES/POPULATION 
AS FOOD OR NONFOOD 



I. Purpose of classification: Primarily for guidance in determining enforcement priority. 

II. General principles: 

A. A particular aquaculture species/population is presumed to be a food 
species/population if it is reasonably likely that a) any significant part of the 
species/population will be consumed directly or indirectly by humans for food, or b) 
the species/population is consumed by an identifiable human population. Under this 
definition, incidental or inadvertent diversion of insignificant numbers to food use 
would not cause a species/population to be classified as food. ("Indirect" consumption 
refers, for example, to a species that is used as food for another aquaculture species 
that is in turn consumed by humans). 

B. Drugs intended for use in a nonfood species/population (as defined above) are not 
considered to be drugs for use in a food species/population. 

C. A nonfood presumption could be overcome by facts in a specific case. An example 
would be packaging of an alleged aquarium fish drug in commercial pond-size use 
packages. The possibility of diversion to food use should be considered even if the 
labeling warns against use in food species. 

D. In general, the traditional or known use of the species involved will be the major 
factor in classification decisions. It should be considered, however, that some species 
could be used either for food or nonfood purposes. Official or authoritative species 
classification lists will be used whenever possible. 

E. A food species/population will as a general rule be considered food at all life stages. 
However, the life stage will be a factor in determining enforcement priority with 
respect to use of a drug in a particular life stage. 

III. Specific Species/Population Groups 
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A. Baitfish 

1. Three species of baitfish (golden shiners, fathead minnows and goldfish) are 
considered nonfood fish. (It is reported that these species comprise 90% of all 
baitfish.) 

2. Other species may be added to this list as support for addition is provided. 

3. However, the facts related to individual population may need to be examined 
because, for example, some baitfish are fed to broodstock (see broodfish, 
below). 

B. Ornamental and aquarium species 

1. In general, ornamental and aquarium species are nonfood species. 
"Ornamental and aquarium" fish are defined as: fish that are produced and 
maintained solely for exhibit purposes in home or public aquaria, or in 
ornamental garden ponds. 

2. Certain species may be cross-over species. Facts related to individual 
populations may need to be examined. 

C. Endangered and threatened species 

1 . By statutory prohibition, endangered and threatened populations may not be 
harvested. Currently, the majority of endangered and threatened populations 
consist of species that are ordinarily considered to be nonfood species. 

2. Approximately 1 10 fish species are currently listed, and limited numbers of 
animals are involved 

3. The Center for Veterinary Medicine has issued a letter to the U.S. Fish and 
Wildlife Service in which the Center specifies the circumstances under which 
it will exercise regulatory discretion in the use of drugs in threatened and 
endangered species managed by USFWS and its contractors. The principles 
in the letter will be applied to other agencies, Federal and State, that are 
responsible for managing threatened and endangered species. 
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1 . Significant populations of some species of broodfish are consumed directly by 
humans. Thus, broodfish from species that are traditionally or known to be 
used for food are in general considered to be food fish. 

2. Exceptions will be made based on facts that establish the absence of human 
consumption in specific species/populations of broodfish. 
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RELATED PROCEEDINGS APPENDIX 

There are no related proceedings. 
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